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ABSTRACT

Extracellular matrix is a complex network of moll=uthat accomplishes various roles
within each tissue. The mechanical properties anchiemical composition of the
extracellular matrix vary considerably across tssun addition to providing structural
support and elasticity, extracellular matrix prdjgerinfluence various cellular behavior
and processes like adhesion, differentiation antifpration, among others. In these
studies, | focused on elucidating the effects @ngjes in matrix composition and
stresses on cellular architecture. In additionjnisghts gained from these studies were
utilized to develop a novel cell-based disease nhaidglalignant Bone Disease in which
human mesenchymal stem cells and bone tumor c¢ellscacultured on osteogenic

microsphere in a rotating wall vessel to promotedhowth of 3D tissue constructs.

Successful execution of these studies will leaa tange of new methods for the
investigation of tumor-stem cell interactions witihéhe limitations of 2D tissue culture
or in vivo approaches. Furthermore, we expectithiatapproach will significantly
accelerate drug research and substantially imppaveinderstanding of tumor

expansion and bone repair during long term expasungcro-gravity.
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CHAPTER |

INTRODUCTION*

Significant advances have been made in deciphéomgmechanical, topographical and
biochemical cues within cellular microenvironmethtat regulate cellular behavior via
complex feedback mechanisms involving focal adimssioytoskeleton and downstream
signaling cascades (Wang, Tytell et al. 2009).dditon to their interactions with

soluble cues, cells are also influenced by adhesteeactions with their extracellular
matrix (ECM) (Wang, Tytell et al. 2009). ECigla complex network of molecules that
affects multiple processes within each tissue. mieehanical properties and biochemical
composition of the ECM varies considerably betwggsues. In addition to providing
structural support, strength and elasticity, ECllchemical and mechanical properties
influence various cellular behavior and procestesddhesion, differentiation and

proliferation, among others.

Actin stress fibers (SFs) are mechanosenssikgctural elements of the cytoskeleton
that responded to changes in mechanical stimuégdalate cell morphology, signal
transduction, and cell functioBFs within adherent cells generate isometric tenio
counterbalance forces in the extracellular matnict enaintain mechanical equilibrium.

The exact mechanism by which cell determines #act response to mechanical

*Part of the chapter and the data in this chateeprinted from

“Dependence of cyclic stretch-induced stress fikerientation on stretch waveform.” J Biomech5}5(
728-735., Tondon, A., H. J. Hsu and R. Kaunas, @gpt/(2012), with permission from Elsevier.



stimuli remains unclear. We and others have prelodemonstrated that stretch-
induced cellular reorganization is dependent ogtatramplitude, frequency and spatial
pattern (Jungbauer, Gao et al. 2008, Lee, Haasle 2010, Tondon, Hsu et al. 2012).
These experimeniavolved applying different cyclic stretch wavetas in which the

strain rates were proportional to the frequencstdtching. Chapter | describes a study

in which strain rate and frequency were uncoupieletter understand their respective

roles on SF reorganization. We also demonstratdctils can sense the difference

between the strain rates applied during the lemgpigeand shortening phases of a stretch

cycle.

Despite these important insights into the mechamoellular response to mechanical
stimuli or changes in the mechanical microenvirontnmost knowledge in the field has
been gained by studying cells cultured on stiff-awmensional (2-D) substrates. While
these systems have provided invaluable insightsdellular responses to tensile strains,
there is a growing interest in understanding celldvior in soft, 3-D tissue-like
environments. ECM stiffness is becoming increasgiagicepted as an important factor
in regulating cell function and actin SFs organ@atThe extents of cell spreading and
SFs formation has been shown to increase with asang hydrogel stiffness, showing a
sharp transition at a stiffness of ~3 kPA (Yeungoi@es et al. 2005). Given that the
direction cells align when stretched on siliconeler depends on actomyosin

contractily and contractile activity is low in celbn soft hydrogels, we postulated that

stretching cells on a soft substrate would indweeand SF alignment parallel to the




direction of stretch in a manner dependent on satfesstiffness and actomyosin

contractile activity (Chapter II).

Of the 13 million yearly fractures that occur iretbnited States, about 10% fail to
repair (Marsh 1998). Autologous bone grafting pohoes are effective, but the
available graft material is limited and additiosafgery involved has been associated
with chronic donor-site pain in many patients. $atic bone scaffolds mimic some of
the characteristics of bone matrix; however therduse of biological incompatibility
their effectiveness has been shown to vary. Inntesteidies, Dr. Carl Gregory’s lab had
demonstrated that a combination of osteogenicalhaaced mesenchymal stem cells
(OEhMSCs) and their secreted anabolic extracellakairix (hMatrix) has an
unprecedented ability for the repair of critisated defects. The hMatrix is believed to
provide an anabolic bone microenvironment and tetersignal for the hMSCs at repair
site. Polyetheretherketone (PEEK) has increasibgbn used in a number of orthopedic
implementations, due to its excellent mechanicaperties, bioinertness, chemical
resistance, and radio-translucency. However, tloe ability of PEEK to support

cellular proliferation is unfavorable for many aigptions where tissue integration is

desired. In order to overcome this limitation, veveloped a facile technique to modify

PEEK surface to allow covalent attachment of hMatniith a view to enhance

osteointegration (Chapter 1lI).

Malignant bone disease (MBD) can occur by metas{asy. from breast and prostate)
or as a result of a primary bone tumor (e.g. ostemsna). When tumors establish in

bone, catastrophic tissue damage occurs as a oésudtelerated bone destruction and



inhibition of repair. The resultant osteolytic less (OL) cause pain and fractures and
provide an ideal niche for tumor propagation. Thes @ccelerate disease progression by
providing a supportive stroma for tumor cells. Tusmaintain this microenvironment

by secreting factors that prevent mesenchymal stdlm (MSCs) from differentiating

into osteoblasts while also stimulating them taetctumor survival factors. Our

inability to kill resident tumor cells and repait. ®renders MBD terminal in most cases.
The key to repairing OLs, and thus treating MBBslin understanding the mechanisms
by which tumors inhibit osteoblastogenesis. Thaefm order to study bone-tumor

interactions, we developed a novel cell-based desseaodel of MBD in which human

mesenchymal stem cells (hMSCs) and bone tumor @edlso-cultured on osteogenic

microsphere in a rotating wall vessel (RWV) to poienthe growth of 3D tissue

constructs (Chapter 1V).




CHAPTER Il
EFFECT OF STRETCH WAVEFORM ON STRETCH-INDUCED STREBIBER

REORIENTATION*

[1.A Introduction

Mechanical forces have been known to induce varellslar processes, such as gene
expression, protein synthesis, cell migration, ifgmdtion, and differentiation (Banes,
Tsuzaki et al. 1995) (Davies and Tripathi 1993, izelona, Redmond et al. 1999,
Kaspar, Seidl et al. 2002). SFs are mechanoseasitiuctural elements that responded
to changes in cellular mechanical microenvironmemegulate cell morphology, signal
transduction, and cell function. SFs consist ofddes of actin — myosin filaments that
are anchored to the cell substrate at each endaahadhesions (Burridge, Fath et al.
1988, Hotulainen and Lappalainen 2006). SFs gemé&ainetric tension to
counterbalance forces in the extracellular matnict enaintain mechanical equilibrium
(Galbraith and Sheetz 1998). This equilibrium srdpted by external mechanical cues
and SFs can either relax or reorient themselves ieffort to reestablish equilibrium
(Hsu, Lee et al. 2009, Kaunas and Deguchi 2011g.dymamics of SF remodeling has

only been recently studied through live cell imagiHayakawa and colleagues

*Part of the chapter and the data in this chapteeprinted from

“Dependence of cyclic stretch-induced stress fikerientation on stretch waveform.” J Biomech3}5(
728-735., Tondon, A., H. J. Hsu and R. Kaunas, @gpt/(2012), with permission from Elsevier.



(Hayakawa, Sato et al. 2001) reported that cyaliaxial stretch induces SF remodeling

through initial disruption of SFs followed by thegassembly at an oblique angle to the

direction of stretch.

We and others have demonstrated that stretch-iddBEeemodeling is dependent on
the frequency of strain application (Kaunas, Ngugeal. 2005, Hsu, Lee et al. 2010).
Furthermore, recent studies investigated the mechlgoroperties of SFs by observing
the retraction of SFs after in situ dissection vatfemtosecond laser (Kumar, Maxwell
et al. 2006), or a tensile test of isolated SFst§MiaDeguchi et al. 2009), and concluded
that SFs have viscoelastic properties. In suchoeisstic fibers, the changes in internal
tension should be influenced by the waveform ofapglied strain. In order to study this
here, we perform experiments in which strain rate faequency are uncoupled to better
understand the roles of strain rate and frequenc§freorganization. We also
demonstrate that cells can sense the differeneeekatthe strain rates applied during
the lengthening and shortening phases of a stogtde. These observations were
interpreted using a theoretical model of networkstess fibers with sarcomeric
structure. The model predicts that stretch wave$owith fast lengthening rates generate
greater average stress fiber tension than thatgeaeby fast shortening. This integrated
approach of experiment and theory provides nevwgimisnto the mechanisms by which
cells respond to matrix stretching to maintain i@mal homeostasidVe have published

the finding of this study in the Journal of Biomechanics (Tondon, Hsu et al. 2012).



I1.B Methodology and Results

Stretching setup and strain measur ements

Cells were subjected to cyclic stretch using aausstretch device (Fig. 1) capable of
generating various temporal strain waveforms (Tabld he stretch device consists of
two linear motors (Zaber, Canada) that are usatrédch fibronectin-coated silicone
rubber chambers (STREX, Japan) seeded withaliescribed previously (Lee, Haase
et al. 2010) at a density of 1-2XC1€ellsper cnf. Strains parallel and perpendicular to
the principal stretch direction for a nominal sthebf 10% were 0.098 £+ 0.009 and -
0.020 + 0.003, respectively, resulting in a Poissoatio of 0.19 + 0.01 (mean = SD).
The entire stretch apparatus was mounted on thdesta steel stage (Gibraltar) of a
Nikon FN1 upright microscope housed in a custom-eraatylic enclosure maintained at

37°C using a heat gun (Omega) regulated by a teatpercontroller (Omega).

Linear step Motor

Silicone rubber
Chambers I I

ﬂ Stretch

] I

Figure 1. Image of custom built stretch device used to stretch cells.



Table 1. Lengthening and shortening ratesfor the stretch waveforms. Reprinted
from (Tondon, Hsu et al. 2012), with permissiomir&lsevier.

Waveform Frequency (Hz) | Lengthening Rate (s?) | Shortening Rate (s?)
Triangle 0.01 0.002 -0.002

0.1 0.02 -0.02

1 0.2 -0.2
Square 0.01 2 -2

0.1 2 -2
Fast- 0.01 2 -0.001
lengthening 0.1 2 -0.01
Fast-shortening 0.01 0.001 -2

0.1 0.01 -2

Dependence of SFsalignment on therate of strain rather than frequency

Strain rate in a stretch cycle was proportionattetch frequency. We hypothesized that

the frequency dependence of cyclic stretch-indusédreorganization may be more

precisely defined as a sensitivity to strain rataer than the frequency of stretching. To

test this hypothesis, we subjected the cells tdicgtretch using a 10% square stretch
waveform (hereafter referred to simply as squametedt) at 0.01Hz (Fig. 2A). The

circular variance for each orientation distributiwas computed by vectorially summing



the individual orientation vector components, ndianag the result by the total number

of vectors N) and subtracting the obtained number from unitaidi and Jupp 2000),

Circular Variance (=1—%\/(Z’i\’=1 sin 29‘)2 +(ZN cos 29‘)2 Q)

where @' is the angle of thith SF with &' defined as Dalong direction of stretch. The
angles were doubled to accurately account for thiréctionality of axial vectors, i.e.
20 = 2(6+ 18C). The values range from 0 to 1, correspondingeideatly aligned and
totally uniform distributions, respectively. Theefjuency of stretch was the same as for
0.01Hz triangle-stretch, but the rates of lengthgrand shortening were much higher.
Square-stretch at 0.01Hz induced significant cdignanent perpendicular to the
direction of stretch (Fig. 2B). Further, 0.01Hz arpistretch induced significant SF
alignment with a smaller circular variance tharn thehieved with 0.1Hz triangle-stretch
(0.69 vs. 0.79). Increasing the frequency of sgstmetch to 0.1Hz further decreased the

circular variance to 0.49 (Figs. 2C).



0.01Hz 0.1Hz

0.1

Stretch Magnitude

Time

0.69* 0.49*

Stretch

Figure 2. Square-stretch at low frequency induces SF alignment. Two cycles of 10% cyclic square-
stretch are shown (A). Representative images andlar histograms depicting SF angular distribgiof
non-confluent U20S cells (n = 90 for each conditismbjected to 12h square-stretch at 0.01 (B) and

0.1Hz (C). Bar, 2um. Reprinted from (Tondon, Hsu et al. 2012), widhrpission from Elsevier.

Live cell microscopy was performed to observe thweamnics of SF reorganization in
response to 0.01Hz square-stretch (Fig. B.1) dliytithe cell contained SFs that were
oriented roughly parallel to the axis of stretchiAfhough the SFs did eventually
become aligned perpendicular to the direction i@ftsh, the entire process took ~10h.
Similar slow alignment was observed when repeatigexperiment for four cells,
indicating that these results are representativen®U20S cell response to 10% cyclic
uniaxial stretch at 0.01Hz. Thus, the dynamics®fté&rientation in response to 0.01Hz

square-stretch were considerably slower for tharltz triangle-stretch.

10



Fiber lengthening rate hasa greater effect on theresulting SFsalignment than fiber

shortening rate

Cyclic stretch involves lengthening and shorterphgses, and the rates of these phases
were of equal magnitude for triangle- and squaretait. To assess the effects of the rate
of lengthening and shortening independently, asymagtrain waveforms were applied
using the same fast strain rate as used for scptigteh, but with a slow rate of strain in
the opposite phase of the cycle (Figs. 3A and [@)yeHfter, these asymmetric
waveforms will be referred to as fast-lengthenitrgtsh and fast-shortening-stretch.

The SFs in cells subjected to fast-lengtheningdtréor 12h at 0.01Hz aligned to a
comparable extent as SFs in cells subjected tdHz.@fjuare-stretch (Figs. 3B vs. 2B).
Similarly, fast-lengthening-stretch at 0.1Hz resdlin comparable SF alignment to that
caused by 0.1Hz square-stretch (Figs. 3C vs. 283}-$hortening-stretch resulted in no
SF alignment at 0.01 (Fig. 3E) and very little ahgent at 0.1Hz (Fig. 3F). At 1Hz, both
asymmetric waveforms resulted in SF alignment tex@ent similar to that for triangle-

stretch at 1Hz.

11



0.01 Hz 0.1 Hz

>

=

Stretch Magnitude

Time

0.36*

<

e
-

Stretch Magnitude

Time

Stretch

Figure 3. SFsalign in response to lengthening, rather than shortening, rate. A, D: Two cycles of 10%
cyclic fast-lengthening-stretch (A) and fast-shoing-stretch (D). Representative images and circula

histograms of non-confluent U20S cells (n = 90dach condition) subjected to 12 hr of fast-lengithgn
stretch at 0.01 (B) and 0.1Hz (C) and fast-shongsitretch at 0.01 (E) and 0.1Hz (F). Bar 2%

Reprinted from (Tondon, Hsu et al. 2012), with pesion from Elsevier.

Statistical comparisons between conditions wertopmaed by computing the average
value for cos@ for each cell imaged and then averaging theseegdhr all cells at each
condition (cos®)). Uniform or randomly distributed stress fibersulbresult in
(cosd) = 0, alignment perpendicular to stretch would ftesua value of -1, and

alignment parallel to stretch would result in awnabf +1. At 0.01Hz (Fig. 4A) and

12



0.1Hz (Fig. 4B), stretching waveforms with fastdérening rates (i.e. square-stretch and
fast-lengthening-stretch) resulted in significantyer values fofcos®) than those for

stretch waveforms with slow lengthening rates (riangle-stretch and fast-shortening-

stretch).

0.01Hz 0.1Hz

0.1

° F ° .
-0.1 -0.2 -
-0.2 -0.4
]

03 06
| * |
|

Cos 26
Cos 20

-0.4

Figure 4. Stretch patterns with fast lengthening result in greatest alignment. Distributions in the
values of cos @ values for each individual cells at each condifimean + SEM) at 0.01(A) and 0.1Hz (B)
are shown to quantify the extent of alignment. digates significant differences between groups as
determined by ANOVA followed by Student-Neuman-Keplost-hoc multiple comparison testirfgy €

0.01). Reprinted from (Tondon, Hsu et al. 2012}hvgiermission from Elsevier.

Interpretation of theresults using theoretical modeling

Figure 5 shows comparisons in the angular histogram@asured from the experiments

and those generated from solving the model undgtical stretching waveforms at 0.01

13



and 0.1Hz. The level of tension in SFs within inteells undergoing cyclic stretching
has not been measured. Time-dependent changes tenSiBn can be predicted using
theoretical models, however (Hsu, Lee et al. 20T@g population-average SF tension
(f) varies over the first several cycles of stretclil athieving a dynamic steady-state
response for each condition (Fig. 6). At 0.01Hzangle-stretch generates an
imperceptible perturbation in tension (amplitudeOddZ,) since the strain rate is very
small (Fig. 6A). The amplitude in tension perturbatdoes become apparent (Gg) 2t
0.1Hz. At both 0.01 and 0.1Hz, the rapid lengthgniates in square-stretch generate a
rapid rise in tension that decays backfgowithin 5s during the first half of the stretch
cycle, followed by a rapid drop in tension the dechack tof, within 5s during the
latter half of the cycle. The response to fastdbaging-stretch at 0.01 and 0.1Hz (Fig.
6B) closely resembles the response to the firdtdidhe cycle for square-stretch, with a
rapid rise in tension occurring at the beginningeath cycle. The response to fast-
shortening-stretch at 0.01 and 0.1Hz mirrors thepoase to fast-lengthening-stretch,
with a rapid fall in tension occurring at the erfdeach cycle. At 0.1Hz, the asymmetric
waveforms do not result in tension returningf§during the periods of slow strain since
the strain rate is sufficiently high to cause a Ismerturbation in tension. At 1Hz, the
responses take 5s to reach steady-state and allaeforms generate comparably large
positive perturbations in tensionfg}>since the SFs do not have enough time between
cycles to relax (Fig. 6A and B). Since these pédtions are of comparable size, each of
the waveforms tested are predicted to result inmélag extent of stress fiber alignment

at 1Hz. In summary, the model is able to predicto8Entation distributions similar to

14



that observed in our experiments (cf. Fig. 6) aisd aredicts that the SFs are induced to

reorganize in response to positive perturbatiorSHriension.

Linear step Motor

Silicone rubber
e lg
Figure5. Image of custom built stretch device used for subjecting cellsto different temporal stretch

patterns.

15



0.01Hz 0.1Hz

Experiment Model Experiment

N R %

(.93 0749

.6 0,72 .40+ 044

0.36%

1L.3Y9 .32

Figure 6. Comparisons of measured and simulated SF alignment distributions. Circular histograms
depicting the experimentally measured and the@iyipredicted SF distribution in cells subjectedLp
hours of stretching using the various strain pageRed arrows indicate the preferred orientat{&63
relative to the direction of stretch) of SFs adptd by the model. Reprinted from (Tondon, Hsalet

2012), with permission from Elsevier.

16



I1.C Discussion

We and others have reported that uniaxial cyctetsh induces cell and SF alignment,
with the extent of alignment dependent on stretopldaude, frequency and spatial
pattern (Wang, Goldschmidt-Clermont et al. 2001u&s, Nguyen et al. 2005, Kaunas,
Usami et al. 2006, Jungbauer, Gao et al. 20085} iBlthe first study to carefully
examine the effects of the shape of the temporaéfeam on stretch-induced SF
reorganization. The results clearly demonstratedblls are more responsive to strain

rate than stretch frequenpgr se.

Previous studies have reported that rapid shomenfitsFs causes their disassembly
(Costa, Hucker et al. 2002, Sato, Adachi et al5208uggesting that the rate of
shortening would be important in cyclic stretchdodd SF reorganization. Several lines
of evidence in the current study support the caicluthat the rate of lengthening has a
much stronger effect than the rate of shortenin@Bralignment. First, the extent of
alignment was similar for both square-stretch asd-fengthening-stretch at 0.01Hz (cf.
Fig. 6A) and 0.1Hz (cf. Fig. 6B). Second, there waslignment in response to triangle-
stretch and fast-shortening-stretch at 0.01HzFigfs. 1A , 4E and 6A). Finally, the
circular variance was slightly smaller for fast-gkaing-stretch at 0.1Hz than at 0.01Hz
(Figs. 4C vs. 4B), which could be attributed to takatively fast lengthening rate

(0.01s" vs. 0.001%). Shortening induced SF disassembly observedevigus reports
required the application of relatively large magdgs of shortening (>20%) that were

sufficient to cause SF buckling and complete Idd¢smsion (Costa, Hucker et al. 2002,

17



Sato, Adachi et al. 2005). We applied stretch attramplitude of 10%, which may be
too low for shortening to have a significant effsitice the SFs are predicted to be under
tension at all times. We have previously demonstr#tat SFs in U20S cells expressing
GFP-actin do not suddenly disassemble in respan$@% step increase or decrease in
equibiaxial stretch (Hsu, Lee et al. 2010). In¢hse of a 0.01Hz square-wave waveform
with rapid lengthening and shortening applied régaig, SFs required several hours to

gradually become reoriented perpendicular to thection of stretch.

The level of tension in SFs within intact cells ergbing cyclic stretching has not been
measured. Time-dependent changes in SF tensiopecpredicted using theoretical
models, however. A model developed by our lab ptedhat myosin Il within
sarcomeres responds to perturbations in tensianmat dependent on myosin cross-
bridge cycling (cf. Egn. 1). Specifically, the mbgeedicts that at low strain rates,
myosin sliding can relax perturbations in tensigarethough the SF is cyclically
lengthening and shortening. At high strain rates,rhodel predicts that myosin cannot

respond quickly enough to relax these perturbations

There are only a few models of stretch-inducedeifganization that are capable of
describing the effects of strain rate. The mode\si et al. (2008) predicts that actin is
more likely to depolymerize in directions of ragidortening, resulting in frequency-
dependent SF alignment perpendicular to the doedf stretch. Their model is not
consistent with our observation that SFs are rahi¢ged to align in response to rapid

shortening. De et al. (2007) proposed a coarsewgganodel which also predicts

18



frequency-dependent alignment, but it is not cteat their model is capable of

predicting of the effects of asymmetric waveforms.

The ability of our model to describe the differahgffects of asymmetric waveforms
with rapid lengthening vs. rapid shortening rebesthe asymmetric dependence of
positive vs. negative perturbations in tension fiail force fp (cf. Fig. 5). According to
Eqn. 2, this asymmetry is due to the contributibload-induced bond breaking, though
we do not have sufficient information to identifyhiwh specific bonds are affected.
Likely candidates include actomyosin interactiangggrin-matrix bonds and

interactions between focal adhesion proteins.

GFP-actin has been reported to be a suitablengitrprobe of both the organization and
dynamics of the actin cytoskeleton in Swiss 3T3 Mitd 3T3 fibroblasts (Choidas,
Jungbluth et al. 1998). However, stress fiberatrembryonic fibroblasts transiently
transfected with pEYFB-actin were recently reported to be unable to align
perpendicular to cyclic stretch and to exhibit &pacal morphology (Deibler, Spatz et
al. 2011). The U20S cells stably-expressing @Fa&ttin used in the present study
behaves similarly to bovine aortic endothelial c@hen subjected to cyclic uniaxial
stretch by both aligning perpendicular to stretechalion and reaching a steady state

after approximately 2hr of stretching (Hsu, Le@le009, Lee, Haase et al. 2010).

It is surprising that SF alignment appeared cleaniynodal in most cases where
significant SF alignment occurred (cf. Figs. 1D, 2B and 4C). Our model, and that of

Takemasa et al. (1998), predict that SFs wouldepeetially align at an angle of £67
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relative to the direction of stretch since thighis direction of least perturbation in SF
length. Only in the case of 0.1Hz square-stretéhHg. 2C) did the distribution appear
to follow these model predictions. It is uncleathas point what the causes for the

discrepancies in preferred orientation are atpbist, however.

[1.D Conclusion

Cyclic uniaxial stretching of adherent nonmusclésdaduces the gradual reorientation
of their actin stress fibers perpendicular to tinetsh direction to an extent dependent on
stretch frequency. By subjecting cells to variemporal waveforms of cyclic stretch,
we revealed that stress fibers are much more sensitstrain rate than strain

frequency. By applying asymmetric waveforms, stfdsss were clearly much more
responsive to the rate of lengthening than theohshortening during the stretch cycle.
These observations were interpreted using a theaketodel of networks of stress
fibers with sarcomeric structure. The model predibat stretch waveforms with fast
lengthening rates generate greater average sipesgdnsion than that generated by fast
shortening. This integrated approach of experiraedttheory provides new insight into
the mechanisms by which cells respond to matretating to maintain tensional

homeostasis.
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CHAPTER 1lI
INTERACTIVE EFFECTS OF MATRIX STRAIN AND STIFFNESON CELL AND

STRESS FIBER REORGANIZATION

[11.A Introduction

In the past decades, ECM stiffness has been shmstnangly regulate many cell
processes, including cell-cell adhesion (Wang,cFdlorrelykke et al. 2002, Reinhart-
King 2008), cell-substrate adhesion (Reinhart-Kibgmbo et al. 2008), and cell
differentiation (Engler, Bacakova et al. 2004). Egample, stem cells cultured on
substrates with stiffness approaching that of #qadar tissue tend to appear like, and
differentiate into, cells typically resident of thessue (Engler, Sen et al.
2006).Theoretical modeling indicates that it is shéfness of the cell relative to that of
the substrate that governs stem cell internal stra@nd morphology (Zemel, Rehfeldt

et al. 2010).

A key event in adaptive cellular structural remauglnd rigidity-sensing is the
modulation of cellular contractility (Fouchard, Missilis et al. 2011). Cells have been
shown to generate greater traction forces, have istable focal adhesion sites, generate
more stable and defined actin SFs and spread mterstvely on rigid surfaces than on
soft compliant surfaces. Since the organizatio8Fes in cells subjected to stretch
depends on the levels of both externally applietiiaternally generated forces, it

follows that matrix rigidity would influence cellait responses to stretching.
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In this study, we investigated the roles of mapi@perties and stretching patterns on
cell structure by uniaxially stretching U20S ceaigressing GFP-actin on silicone
rubber sheets supporting either a surface-adsaethg or thick hydrogel of type-I
collagen. Cells and their actin stress fibers deémperpendicular to the direction of
cyclic stretch on collagen-coated sheets, but teteparallel to the stretch direction on
collagen gels. There was significant alignment lpelrto the direction of a steady
increase in stretch for cells on collagen gelsJevtells on collagen-coated sheets did
not align in any direction. The extent of alignmerats dependent on both strain rate and
duration. Stretch-induced alignment on collagers gels blocked by the myosin light-
chain kinase inhibitor ML7, but not by the Rho-kseanhibitor Y27632. We propose
that active orientation of the actin cytoskeletengendicular and parallel to direction of
stretch on stiff and soft substrates, respectivaly,responses that tend to maintain
intracellular tension at an optimal level. Furtheur results indicate that cells can align
along directions of matrix stress without agkn fibril alignment, indicating that
matrix stress can directly regulate cell morphgladye published the finding of this

study in PLOS ONE(Tondon and Kaunas 2014).

[11.B Methodology and Results

Stretching setup and strain measurements

Silicone rubber stretch chambers (STREX, Japang wexdified to form a circular well
(15 mm diameter) by adhering a silicone rubber sbet® the chambers (Fig. 5 & 7).

The chambers were initially coated with collagermgllcmz) by incubating 10@l of 0.3
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mg/ml rat tail collagen type | (BD Biosciences}ie well and allowing the solution to
evaporate. The collagen solution (3 mg/ml) was theahed to form a gel within the
collagen-coated well as described previously (K&wgak et al. 2011). Cells were
cultured on the top surface of the collagen getssarbjected to cyclic stretch using our

custom built stretch system described above.

Il cult
Collagen Gel cell culture Silicone rubber
e e / membrane

<=|__|=>

Figure7. Siliconerubber chamber with collagen gel before and after stretch.

The strain fields produced by the device were datezd by tracking the displacement
of markers on the collagen gel and silicone rulsioefaces. Strains on the bottom
surface of the silicone rubber sheeting were meaislbly marking membranes at several
points with a permanent marker and imaging befackadter stretch using nominal
stretch values ranging from 2.5 to 12.5%. To quwartitie strains on the collagen gel

surface, red fluorescent beads (0.2 um Fluosphet@ecular Probes) were mixed into
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the gel prior to polymerization to serve as fidliomarkers. Triads of markers in a focus
plane in various locations on the surface werecgedieto compute the symmetric
Lagrangian strain tensor at each location. Thedfisirains in the longitudinal (E1) and
lateral directions (E2) were computed from the Bhd E22 components of the

Lagrangian strain tensor (Fung 1994) using Eqnsai2é\2B.
E =y1+2E, -1 (2A)

E2 = 1+ 2E22 _1 (ZB)

Two-dimensional strains measured on the surfacé®®ftm-thick collagen gels and the
supporting silicone rubber membranes were verylair(lrig. 8). Strains parallel and
perpendicular to the principal stretch directionsomnface of collagen for a nominal
stretch of 10% were 0.093£0.009 and —0.040+0.04. @A and 8B), respectively,
resulting in a Poisson's ratio of 0.43+£0.01 (medhtStrains observed on the surface of
silicone rubber membranes were 0.097+0.01 and 6&MA05 parallel and
perpendicular to that of principal stretch direnticespectively, resulting in a Poisson's

ratio of 0.47+0.05 (meanzSD).
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Figure 8. Strain is efficiently transmitted to the collagen gel surface. The longitudinal (A) and lateral
(B) strains (mean + SEM; n=6) within the regiortled silicone rubber chamber used to support the
collagen gels were quantified at the surfaces®stlicone rubber sheet (black) and the collagén ge

(grey). Reprinted from (Tondon and Kaunas 2014)

Cyclic stretch-induced SF alignment depend on the thickness of the collagen gel

Given that the direction cells align when stretcbadsilicone rubber depends on
actomyosin contractile activity and contractileiaty is low in cells on soft hydrogels,

we postulated that stretching cells on a soft satsstvould induce cell and SF

alignment parallel to the direction of stretch imanner dependent on substrate stiffness

and actomyosin contractile activity. In order tsttthis, we evaluated the effects of

stretch on SF organization in non-confluent U20I% @alhered onto the top of a 500

um thick collagen gels. For comparison, experimerdse also performed where the
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cells were adhered on the supporting silicone rubbmmbranes, but coated with a low
concentration of collagen (4 pg/@mather than the thick gel. In each case, thescell
were subjected to 3h of 10% cyclic uniaxial streatiHz. Consistent with our previous
findings using non-confluent and confluent U20S badine aortic endothelial cells on
fibronectin-coated silicone rubber (Hsu, Lee e2@D9, Lee, Haase et al. 2010, Tondon,
Hsu et al. 2012), the SFs in cells on collagenaxbatlicone rubber oriented
perpendicular to the direction of stretch (Fig. 9¥)contrast, the cells and their SFs
reoriented parallel to the direction of stretchtloick collagen gels (Fig. 9B). To
determine if the result was cell type —specifie, &xperiments were repeated using
human mesenchymal stem cells (Figs. 9C and D).d&ahfeflectance images of
collagen fibers in regions containing a cell (&) and regions devoid of cells (Fig. 9F)
indicated that collagen fibrils did not co-aligntivthe cells in response to cyclic

stretching.

To determine the dependence on strain rate on talt&gen gels, the extent of cell and
SF alignment was quantified in U20S cells subjette8h of 10% cyclic uniaxial

stretch at 0.01, 0.1 and 1Hz on collagen gels..8tl8z, there was no cell or SFs
alignment in any direction (Figs. 10A, D and Exrigasing the frequency of stretch to
1Hz significantly increased alignment parallelhie stretch direction (Figs. 10C, D and
E), while stretching at 0.1Hz had an intermediasponse (Figs. 10B, D and E). These
results were consistent with the frequency-depecelare previously observed when
stretching endothelial and U20S cells on fibrommectbated silicone rubber sheets (Hsu,

Lee et al. 2010, Lee, Haase et al. 2010)
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Figure9. Cyclic stretch-induced SF alignment on soft collagen gels and stiff silicone rubber sheets.
A-D: Representative images and circular histogrdemcting SF angular distributions of non-confluent
U20S cells (A, B) (n =90 for each condition) ad3Cs (C, D) (n = 60 for each condition) subjecied t
3h of 10% cyclic uniaxial stretch at frequency bfzlon collagen-coated rubber sheets (A, C) and
collagen gels (B, D). Scale bar, p. E, F: Representative confocal reflectance imagesllagen fibrils
(red) in regions containing a U20S cell (E) andadéwf cells (F) and circular histograms depicting
collagen fibril alignment after 3h of 10% cyclicestiching at 1Hz.; Scale baru®. Reprinted from

(Tondon and Kaunas 2014)
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Figure 10. Cyclic stretch-induced cell and SF alignment on soft collagen gels depends on stretch
frequency. Representative images of non-confluent U20S cedleiged on a soft collagen matrix
subjected to 3h of 10% cyclic stretch at frequenoie0.01 (A), 0.1 (B) and 1Hz (C). Order paranefer
cells (D) and SFs (E) were computed for each odjuantify the extents of alignment and the resutise
summarized (mean £ SEM; n = 90). * indicates sigaiit differences between groups as determined by
ANOVA followed by Student-Neuman—Keuls post-hoc tiplé comparison testing (P<0.01). Scale bar,

50 um. Reprinted from (Tondon and Kaunas 2014)
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Cellsand their SFsalign in responseto step stretch on cells adhered onto thick

collagen gels, but not on collagen-coated silicone rubber sheets

Gavara et al. (2008) reported that collagen tyiadrogels (1.45 mg/ml) have a stiffness
of 23 Pa that increased to 137 Pa in responsatepaequibiaxial stretch of 11%
(Gavara, Roca-Cusachs et al. 2008). Previous sturttiécate that uniaxial stretching a
collagen gel causes anisotropic changes in géhesi$§, with the stiffness increasing in
the direction of stretching (Girton, Barocas e28l02, Vader, Kabla et al. 2009). To
determine if anisotropic changes in gel stiffnesstebute to cell and SF alignment,
U20S cells were cultured on collagen gels that wsalgected to 10% uniaxial pre-
stretch prior to cell attachment (Fig. 11A). Af&dr, there was significant cell (Fig. 11E)
and SF (Fig. 11F) alignment parallel to the dil@ttf matrix stretching. In contrast,
there was no alignment observed in cells culturegre-stretched collagen-coated

silicone rubber.

Next, we quantified the effects of applying theeth after the cells had spread. A rapid
stretch of 20%/s (Fig. 11B) resulted in an appaimerease in cell alignment (Fig. 11E)
and a significant increase in SF alignment (Fid=)Irelative to that induced by seeding
cells on a pre-stretched gel. A slow stretch a¥#ds(Fig. 11C) induced significantly
less cell and SF alignment than both the pre-s$trand rapid stretch treatments (Figs.
11E-F). Interestingly, a rapid stretch appliedetiscon collagen-coated silicone rubber

(Fig. 11D) did not induce any alignment (Figs. 1RE-
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Figure 11. Effects of pre-stretch and strain rate on steady stretch-induced cell and SF alignment.
Representative images of non-confluent U20S sekksied on 10% pre-stretched collagen gel (A) or
adhered onto collagen gels (that were not preesteel) subjected to 10% stretch at ramp rates 0f20%
(B) and 0.2%/s (C). Representative image of U2QIS adhered onto collagen-coated silicone rubber
sheets subjected to 10% stretch at 20%/s (D).(Egknd SF (F) order parameters (n = 90) are
summarized. * indicates significant differencesam®en groups as determined by ANOVA followed by
Student-Neuman—Keuls post-hoc multiple comparisstirtg (P<0.01).Scale bar, hth. Reprinted from

(Tondon and Kaunas 2014)
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Extent of cell and SF alignment depends on the duration of transient step stretch

To assess the effects of the duration of stret¢huggsubjected the cells adhered on
collagen gels to 10% transient step stretch, ireganen consisting of a rapid ramp
increase in stretch (20%/s), a transient hold (10sin or 1h), and subsequent release
of the stretch (Figs. 12A-C). In each case, this eetre fixed after a total elapsed time
of 1h. No alignment of cell or SFs occurred in asge to 10s of transient stretch (Figs.
12D and E). There was significantly more cell afrd lignment in response to 1h of

transient stretch, while 10min of transient stre&sulted in an intermediate response.

Role of ML CK in SF formation and reorientation

Consistent with previous findings with NIH 3T3 fdirlasts on soft polyacrylamide gels
(Yeung, Georges et al. 2005), we observed thatwgis less prevalent in cells on soft
collagen hydrogels as compared to cells on stifagen-coated silicone rubber sheets
(cf. Figs. 9B vs. 9A). Further, the few SFs obsdrirecells adhered onto soft collagen
gels were primarily located in the cell peripherf Eigs. 9B and 9D). In contrast, both
peripheral and central SFs were observed in celisotiagen-coated silicone rubber (cf.
Figs. 9A and 9C). We have previously shown that-Rhase and myosin light-chain
kinase (MLCK) regulate different populations of Speripheral SFs are sensitive to
MLCK inhibition, while central SFs are sensitiveRto-kinase inhibition (Lee, Haase et

al. 2010).
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Figure 12. Extent of cell and SF alignment depends on the duration of transient step stretch.
Representative images of non-confluent U20S cdleeed onto collagen gels subjected to 10% transien
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Cell (E) and SF (F) order parameters (n = 90) anensarized. Significant differences between groups
were determined by ANOVA followed by Student-Neumlidauls post-hoc multiple comparison testing

(* = P<0.01, ** = P<0.05). Scale bar (A-C), pfh. Reprinted from (Tondon and Kaunas 2014)
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To assess the involvement of MLCK and Rho-kinagbvpays in stretch induced SF
alignment on cells adhered to collagen gels, watdethe U20S cells with inhibitors of
either MLCK (ML7) or Rho-kinase (Y27632) and sultggetthem to 10% cyclic stretch
at 1Hz for 3h (Fig. 13). The cells were treatechveither 10 uM Y27632 or 30 uM ML7
for 30 min prior to initiating stretch with the druemaining in the culture media
throughout the experiment. In cells treated withiMMBFs were completely attenuated
(Fig. 13A). In contrast, there was some reductiothe number of SFs in cells treated
with Y27632, but these remaining fibers orientedgtdy parallel to the direction of

cyclic stretch (Fig. 13B).

ML7 Y27632

Figure 13. Roles of Rho-kinase and ML CK on cyclic stretch-induced SF alignment in cellson 3-D
collagen gels. Representative images of non-confluent U20S ¢elis 60) adhered on soft collagen gels
subjected to 3h of 10% cyclic uniaxial stretch ldz &fter treatment with 30uM ML7 (A) or 10uM

Y27632 (B). Scale bar, 5dm. Reprinted from (Tondon and Kaunas 2014)
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[11.C Discussion

Our results demonstrate that stretch-induced oell&F alignment are highly dependent
on the mechanical properties of the collagen maipien which cells are cultured.

Cyclic stretch promoted alignment parallel to tivection of stretch (cf. Figs. 9B and
9D) in cells with attenuated contractility causgddohesion to a soft collagen gel, as
judged by the relatively few SFs relative to thmathe same cell type on collagen-coated
silicone rubber. This is consistent with previotglges performed with cells on
fibronectin-coated silicone rubber showing thagtstning promotes SF alignment
parallel to the direction of stretch when cell cantility is attenuated with small
molecule inhibitors of Rho-kinase or MLCK (Kaun&iyuyen et al. 2005, Lee, Haase et
al. 2010). This is in stark contrast to the perpeudr alignment observed when cell
contractility is at normal levels for cells on sdne rubber coated with collagen (cf.
Figs. 9A and 9C) or fibronectin (Kaunas, Nguyeale2005). In the case of a step
stretch, cell and SF alignment was only observedadincollagen gels, but not on

silicone rubber coated with collagen (cf. Figs. 42)B or fibronectin (data not shown).

We previously reported a theoretical model predgthat SFs reorient perpendicular to
the direction of cyclic stretch on matrix-coatelicene rubber to avoid excessive levels
of tension acting on actomyosin binding sites (Hseg et al. 2009, Hsu, Lee et al. 2010,
Kaunas and Deguchi 2011, Tondon, Hsu et al. 2@®2Y)elatively stiff silicone rubber
sheets, where SF tension is already high undec statditions, the model predicts that

tension is at an optimal level. Cyclic stretchingdigh strain rate perturbs tension from
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this optimal level, promoting the disassembly o @Rd their preferred reassembly in
an orientation perpendicular to the direction oétsth to minimize perturbations in
tension. Since SF tension in cells on soft collagels is relatively low, we speculate
that stretching increases tension toward the opliewal found in cells on a stiffer
substrate, thereby promoting SF alignment partiléhe direction of stretch. The data
herein provides the motivation for future developing our model to explicitly

describe the role of substrate stiffness.

U20S cell line was originally cultivated from modegely differentiated sarcoma of the
tibia of a fifteen-year-old human female sufferingm osteosarcoma. U20S cells
exhibit epithelial adherent morphology (Ponten Sa#tsela 1967). We observed that
U20S cell spreading and cytoskeleton architectuag similar to that of bovine aortic
endothelial cells when cultured on both coatedaile rubber and soft collagen gels.
Actin SFs in U20S cells expressing GFP-actin redgorcyclic stretching by
reorienting perpendicular to the direction of sthetvith the same extent and rate as we
have reported in bovine aortic endothelial cellsH_ee et al. 2009, Lee, Haase et al.

2010).

The dependence of alignment on cyclic stretch #equy is consistent with previous
measurements using U20S cells and endothelial @elfgoronectin-adsorbed silicone
rubber (Hsu, Lee et al. 2009, Hsu, Lee et al. 20#6, Haase et al. 2010). In the present
study, strain rate sensitivity was observed insceliltured on collagen gels subjected to
both steady and cyclic stretch patterns. Cyclietskr at 0.01 and 1 Hz consisted of linear

ramps (upward and downward) in strain of 0.2 arib/20 respectively. Cells subjected
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to steady stretch at a ramp rate of 20%/s shovggffisiantly more cell and SF

alignment, as compared to cells subjected to stetdich at a ramp rate of 0.2%/s (cf.
Figs. 11E-F).Our theoretical model predicts thatgtrain rate-dependence is due to the
active regulation of SF tension by actomyosin slidiKaunas and Deguchi 2011,
Tondon, Hsu et al. 2012). Specifically, myosin bbtars are predicted to translate along
actin filaments in a direction that restores thedg acting on myosin heads to the values
generated under static conditions. At high strates, we predict that myosin motors
cannot respond quickly enough to regulate tensiile myosin can maintain tension
nearly constant at low strain rates. We specubated similar mechanism regulates the

strain-rate dependence observed for cells stretchesbft collagen gels.

Our results provide evidence that two mechanismgribmte to stretch-induced
alignment on soft collagen gels. Prestretched gehiagels are expected to have
anisotropic mechanical properties, with greatdfngss in the direction of stretch. The
alignment of the cells and SFs along the direatibgreater stiffness (cf. Fig. 11) is
consistent with the alignment of cells on pillaragss with anisotropic rigidity (Saez,
Ghibaudo et al. 2007). Applying the stretch after ¢ells have spread on the collagen
gel induced a greater extent of alignment, howésfeiFig. 11). Since cells subjected to
steady stretch are expected to experience botsttbkeh stimulus as well as the
anisotropic rigidity of the gel, these results segjghat the act of stretching provides an
additional contribution to the alignment responegdnd changing the mechanical
properties to the gel. Further, the effectivendsb@stretch stimulus depends on both

the rate (cf. Fig. 11) and duration (cf. Fig. 12¥train.
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It is interesting to speculate on why the stretahwus is only effective on soft collagen
gels, but not on collagen-coated sheets (cf. Fiyj. Rrevious theoretical and
experimental studies have indicated that celloahg sensitive to matrix stiffness within
a limited range near the stiffness of the cell (#atz, Erdmann et al. 2006, Zemel,
Rehfeldt et al. 2010). These models predict thidg cannot significantly deform
substrates several orders of magnitude stiffer tharcells. Consistent with this
prediction, cellular strains estimated from imagesells before and after a 10% step
stretch indicate that cells deformed noticeablyg l@s the soft collagen gels than on
collagen-coated silicone rubber, suggesting that#ils are attenuating the stretching of
the adjacent substrate (Supplemental Fig. B.3 afudeTB.1). Perturbations in the
stiffness of these substrates are therefore exghéatiee undetectable by the cells.

Further, the silicone rubber substrate is elabBoce does not stiffen upon stretching.

Cells in stretched 3-D collagen matrices are oflemgated in parallel with the
predominant alignment of collagen fibrils (Robysénh et al. 2008). It has been
suggested that the cells follow the collagen fsiml a process termed contact guidance.
In the present study, cells on collagen gels atigadeng the direction of stretch without
fibril alignment (cf. Fig. 9E), indicating that meanical cues directly regulated cell and

SF alignment.

Extracellular matrix geometry and topography atrtheoscale can impact cellular
function (Guilak, Cohen et al. 2009, Zhang, Chale2013). Atomic force microscopy
imaging of collagen-coated silicone sheets indieatelatively uniform surface (Zhang,

Choi et al. 2013). Collagen in fibrillar networks) the other hand, is non-uniform with

37



relatively large spaces between fibrils for cefhabhment, which is necessary for cell
adhesion inside 3-D collagen gels. Gavara et @Dgobserved that cells cultured on
the surface of fibrillar collagen gels spread arsplayed similar patterns of traction
force distribution as cells seeded on polyacrylansdbstrates coated with monomeric
collagen, suggesting that the fibrillar naturehad tollagen gels did not obviously
change cell adhesive behavior on the surfacesliaigem gels vs. collagen-coated
substrates Gavara, Roca-Cusachs et al. 2008)expiscted that the area density and
configuration of cell binding sites on monomeridlagens adhering to silicone rubber
will differ from that on fibrillar collagen. Thugt would be advantageous to repeat these
studies in the future using collagen-coated sikcorbber sheets with different Young’s

moduli to more directly assess the effects of rstiéss.

A recent study by Pang et al. (2011) involvingjeating smooth muscle cells in 3-D
collagen matrices showed an early cell respons&ternal mechanical signals before
they were fully spread out (Pang, Wang et al. 20&fgcifically, they observed initial
cellular alignment within 2h of seeding cells amtiswere completely aligned parallel
to direction of stretch after 6h. Alignment of @gkn fibrils along the stretch direction
was only observed at 6h and was localized to tha fof cell protrusions and attributed
to the observed migration of cells parallel to divection of stretch. In the system used
Pang et al (Pang, Wang et al. 2011), the collagenolgel is only anchored at two ends,
which generally leads to fibril alignment even lire tabsence of stretching due forces
generated by contractile cells (Bellows, Melcheale982). Our results suggest that

cells respond to both stretch-induced changesffneds and the stretch itself as part of
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the initial response that occurs before any sigaift collagen remodeling has occurred.
Further, the collagen hydrogels in our system vedtached to stretch chamber on all
sides other than the top free surface, which ietgal to constrain any collagen

remodeling that may occur at later times.

Our results indicate that stretch-induced SF aligninon soft collagen gels is dependent
on MLCK, but not Rho-kinase. Rho-kinase and MLClgukate central and peripheral
SF populations, respectively (Tanner, Boudreau. &04.0). SFs in cells stretched on
collagen-coated silicone rubber contained centrdl@eripheral populations of stress
fibers, while mainly peripheral stress fibers webserved in cells on collagen gels (cf.
Fig. 9). We have previously shown that cyclic umstretch induces the formation of
actin fibers oriented parallel to the directiorstrietch in cells treated with inhibitors of
the Rho GTPase pathway and MLCK (Kaunas, Nguyeh @005, Lee, Haase et al.
2010). In the present study with cells on collagels, cyclic stretch-induced actin fiber
alignment parallel to the stretch direction wab shserved upon Rho-kinase inhibition,
but no alignment was observed upon MLCK inhibit{oh Fig.13). We observed that
ML7 treatment led to complete attenuation of SHs)evwsome actin bundles were
observed in cells treated with Y27632 and theseweaented in the direction of stretch.
Further, these actin bundles were located at th@eephery, consistent with previous
reports that Y27632 only inhibits SFs located adhty while ML7 inhibits SFs located

at the cell periphery (Katoh, Kano et al. 2001, Kasj Nguyen et al. 2005, Lee, Haase et

al. 2010).
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Our findings shed new light on experimental andthgcal observations by other
groups on cells stretched on soft 2D and 3D sulesti&rishnan, Park et al. 2009, Lee,
Nekouzadeh et al. 2012, Ronan, Deshpande et &) 20bnsistent with our predictions,
the theoretical models of McGarry and Deshpandslipande, McMeeking et al. 2006,
Ronan, Deshpande et al. 2013) predict that saffesteate do not provide sufficient
tension for SF persistence, causing dissociatid®Fsf, while cells on a stiffer substrate
are predicted to contain large amount of domind&® @der optimal tension. Genin and
Elson (Lee, Nekouzadeh et al. 2012) showed thairSéalls inside a 3D engineered
tissue construct undergo retraction and subsegagriorcement when subjected to
stretch. Retraction response was observed forrs&i direction, while reinforcement
response was observed only in the stretch direcliba reinforcement response and
alignment of SFs in stretch direction is consisteith our observation on 2D soft
collagen gels. Krishnan et al. (2009) and Trepal.gR007) also reported cytoskeletal
fluidization and reinforcement in cells subjectedtretch on soft polyacrylamide
substrates (Trepat, Deng et al. 2007, Krishnark &aal. 2009). However, we did not
observe an obvious fluidization or retraction irs@ffter a step increase in stretch in

cells expressing GFP-actin (cf. Fig. 13).

Recent studies by Quinlan et al. (2011) and Faust €011) report that cells have
attenuated alignment in response to stretch orpsbfacrylamide and soft silicone
rubber substrates, respectively. Faust et al. (28dljected cells to stretch at
frequencies in the mHz range. In our current arsd gtaidies, we observed no alignment

when stretching cells at a frequency of 10 mHz.sTwe predict that low strain rate due
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to low frequency cyclic stretching is not suffici¢a induce alignment. Furthermore,
polyacrylamide and silicone rubber are elasticcleeto not stiffen upon stretching. In
the absence of the anisotropic changes in subsigadéy, stretch alone may not be
sufficient to stimulate alignment. Moreover, Quimket al. and Faust et al. used different
cells type (porcine aortic valve interstitial cedisd primary human umbilical cord
fibroblasts, respectively) than we did, which méspacontribute to the apparent

discrepancies.

[11.D Conclusion

In summary, our results demonstrate that stretdbiged cell and SF alignment are
highly dependent on the mechanical properties®ttilagen matrix upon which cells
are cultured. Recent experiments employing higblugi®n traction force microscopy
on polyacrylamide substrates indicate that fochkatns individually sample the
substrate rigidity and that FAK/phosphopaxillinfeiin signaling defines the rigidity
range over which cells migrate toward regions ghbr rigidity (Plotnikov, Pasapera et
al. 2012). On the other hand, experiments perforamedlastic pillar arrays interpreted
with a phenomenological model based on activelgty suggest that rigidity-sensing
is mediated by a large-scale mechanism originatirige cytoskeleton rather than local
sensing at the level of focal adhesions (TrichetDigabel et al. 2012). While our
results are consistent with a large-scale mechamsgaiving the actin cytoskeleton and

myosin motor proteins, we cannot rule out the ofleocal adhesion proteins.
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CHAPTER IV
A NOVEL HMATRIX COATED POLY-ETHER-ETHER-KETONE (PEK) BASED

MOUSE FEMORAL SEGMENTAL DEFECT FIXATION DEVICE

[V.A Introduction

Bone is a dynamic tissue that undergoes constardadeling. Bone remodeling is a
physiological process in which old bone is degrdoledsteoclasts and subsequently
replaced by new bone formed by osteoblasts. Whiteethas a remarkable capacity for
regeneration, critical sized bone defects are dwdl completely due to the extent of
the trauma, disease, or age of the patient (Bo6660,2reen, Lubahn et al. 2005)

In fact, one tenth of all limb bone fractures tailheal. Autologous bone grafting
procedures are effective, but limited availabibfygraft material and additional surgery

requirement are some of the drawbacks (Rihn, Kirkgaet al. 2010).

Dr. Gregory'’s lab addressed this limitation by iimyng the osteogenic capacity of
human mesenchymal stem cells (hMSC) by acceler#timganonical wingless (cWnt)
pathway. In a recent study, they demonstratedwhan peroxisome proliferator
activated receptor- gamma (PPAR ) is inhibited xyosure to the small molecule
GW9662, negative cross-talk on the cWnt pathwaglexed resulting in the
establishment of a pro-osteogenic hMSC phenotyih(I5Cs) (Krause and Gregory
2012). These OEhMSCs secreted a large amount oixn{fallatrix) containing a

complex mixture of collagen molecules that mimtos tomposition of anabolic bone
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tissue. When hMatrix is co-administered with OEhNMStDe cell-matrix composite has
a unique capacity for rapid repair of experimebtaie defects in rodents (Zeitouni,

Krause et al. 2012).

Dr. Gregory'’s lab has developed a novel device pleatnits fixation of the mouse femur
after removal of a 3 mm section of the bone. Affter establishment of the defect and
installation of the device, the mice will be mobaéh full limb functionality. We
synthesized the device from poly-ether-ether-ke{®ieEK), a plastic used commonly
in clinical surgical implants because it is safigsadble, and most importantly, permits x-
ray imaging without interference - a drawback dhadtal implants. However, the poor
ability of PEEK to support cellular adhesion isawvdrable for many applications where
tissue integration is desired (Kurtz and Devine70h order to overcome this

limitation, we developed a facile technique to nip®#EEK surface to allow covalent

attachment of hMatrix, with a view to enhance ostigration. Modification of

polymer PEEK surface was achieved by the generafipendant primary amino groups
using a diamine. Covalent bonding of hMatrix isiaebd by formation of amide bond
between hMatrix peptides and PEEK surface usingmsatluble 1-ethyl-3-[3-

dimethylaminopropyl]-carbodiimide hydrochloride (BD).

IV.B Methodology and Results

PEEK sample preparation and hMatrix crosslinking

Samples of desired dimensions were cut from medi@ale PEEK rods

(VESTAKEEP®) and cleaned with isopropanol and watéese PEEK samples were
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immersed in neat ethylene diamine (EDA) and tre&ied period of 3h at 12C,

followed by thorough washing with water and isofopl. The reaction was carried out
using an air cooled condenser system inside a hwwod. Silicone oil bath was used to
heat the EDA solution. Covalent bonding of hMatsias achieved by using 1-ethyl-3-
[3-dimethylaminopropyl]-carbodiimide hydrochloridEDAC), a water soluble
carbodiimide (Fig. 14). Modified PEEK samples wiereubated with EDAC and

hMatrix at room temperature for 3 hours. The deathples were UV sterilized for 1h
and washed with-MEM before seeding cells. hMatrix adhesion wadlitatavely
determined through scanning electron microscopiyaisaof samples. Scanning
electron microscopy demonstrated 3-dimensionail flggregates of hMatrix attached to

the PEEK samples (Fig. 15A).
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Figure 14. Reaction scheme for the cell-adhesive madification of PEEK. hMatrix components can be
covalently attached to modified PEEK surface adhiely the generation of pendant primary amino

groups using ethylenediamine followed by carboiienichsed crosslinking approach.
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Assessment of hM SCs adhesion and proliferation on modified PEEK

hMSCs culture on bare and hMatrix-coated PEEK vea®opmed for the initial
attachment phase and for a 1-week period. Bridily PEEK samples were sterilized
and washed with-MEM before seeding cells. h(MSCs were allowed tngfor a 1-
week period. PEEK exhibits a strong autofluoreseemlgich prohibited the use of
standard fluorescent dyes for cell staining andgimg To circumvent this limitation we
used thin optically clear sheets of PEEK to imaglsdFig. 15 B). We also performed
Scanning Electron Microscopy (SEM) to analyze adhesion on PEEK segmental
defect implants. After culture, the samples weredlusing methanol and fixed using
4% glutraldehyde as described previously (Parameswand Verma 2011). While
untreated PEEK showed almost negligible colonizatip hMSCs even after 1 week, the
hMatix-coated PEEK film and samples exhibited ebecetIcellular adhesion and
proliferation (Fig. 15 C &D). These results, ob&dnn vitro, need to be further

elucidated in animal experiments.
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A Uncoated PEEK hMatrix coated PEEK C hMSCs cultured on hMatrix coated PEEK disks

B Uncoated PEEK film hMatrix coated PEEK film D

Figure 15. Crosdinking of hMatrix to PEEK surface and hM SCs culture. (A) Scanning electron
micrograph of uncoated and hMatrix coated PEEKgiEX) DIC images of hMSCs cultured on uncoated
and hMatrix coated optically clear PEEK filn{&€ & D) Scanning electron micrograph of hMSCs

cultured on hMatrix coated PEEK disks (C) and hitatpated PEEK segmental defects implant (D).

I'VV.C Discussion

Our results demonstrate that we have developedila tachnique for the wet-chemical
modification of PEEK surface and coating the madifPEEK surface with anabolic
hMatrix. Plasma treatment and various photochema#tes have been explored to
enhance the cell adhesion properties of PEEK palymeontrast to photochemical and
plasma technologies which suffer from limitatiorgarding the treatment of
geometrically complex structures, liquid based rficdiions are mostly feasible. In
addition, plasma treatment only provides a tempoeahancement in cell adhesion

(Briem, Strametz et al. 2005, Becker, Lorenz e2@l3). In this work, we utilized
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chemical reduction with a diamine for the formatadra Schiff base (ketamine) between
the keto groups of PEEK and one amino portion loflenediamine. These free amine
groups then served to conjugate carboxyl contaipamgides using, an amine bond. We
also use this method to covalently coat peptidethersurface of plasma modified

polystyrene.

Bare PEEK does not support cellular attachment. /dés hMatrix coated PEEK
showed excellent cell adhesion and proliferatiag.(E5 B - D). As shown in precious
studies, hMatrix mimics the composition of anabblime tissue (Zeitouni, Krause et al.
2012). As a possible substitute for titanium, PER#&ches more closely the mechanical
properties of bone. In order to achieve betterastegration of PEEK implants, we
coated the PEEK surface with hMatrix and testeachtnent and proliferation of
hMSCs. These results, obtained in vitro, may bth&rrelucidated in animal

experiments under realistic in vivo conditions.

IV.D Conclusion

The increasing utilization of PEEK as orthopediplamts, requires methods to enhance
the cellular adhesion on PEEK surface. A wet-chahachnique was developed that is
based upon a ketamine-based activation of the P&tldce in combination with
covalent attachment of hMatrix using carbodiimitiemistry. This method, may serve
as a promising approach to enhance the osteo-attegrand performance of PEEK

implants.
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CHAPTER V
3-D METHOD TO EXAMINE BONE TUMOR AND HOST TISSUE

INTERACTIONS USING MICRO-GRAVITY BIOREACTOR

V.A Introduction

Malignant bone disease (MBD) can occur by metas{asy. from breast and prostate)
or as a result of a primary bone tumor (e.g. osteasna). When tumors establish in
bone, catastrophic tissue damage occurs as a césutelerated bone destruction and
inhibition of repair. The resultant so called o$g&o lesions (OL) can cause pain and
fractures, but more importantly, they provide agailchiche for tumor propagation.
Tumors maintain this microenvironment by secretivigt inhibitors (WIs) that prevents
hMSCs from differentiating into osteoblasts. Tunderived secretion of cWnt-
antagonist Dickkopf-1 (Dkk-1) is known to cause éakestruction, inhibition of repair
and promote bone metastasis (Tian, Zhan et al.,ZB&jory, Gunn et al. 2005). Recent
study by Krause et al. (2014), showed that mousmearcoma cells engineered to
express Dkk-1 (MOSJ-Dkk1) not only reduced the capdor osteogenic
differentiationin vitro andin vivo, but also increased proliferation, resistance to
metabolic stress and the capacity for osteolytiedrigenesisn vivo. To discover ways
to inhibit the activity of WIs, it is necessaryrtomic the interactions between bone
tumor cells and MSCs in an experimentally accessigstem that sufficiently

recapitulates thin vivo microenvironment.
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Although convenient, monolayer co-culture systemsat accurately replicate 3D
tissue and are poor predictors of drug efficarcyivo. It's now well understood that
physiological 3D growth conditions allowing unrestied cell- cell interactions are
important for defining the biology of cancer calisd tissue, including tumor formation
and progression (Kwon, Devarakonda et al. 2008z&gari and Saei 2012). In contrast
to physiological growth conditions, monolayer cudtinvolves cells interaction with

stiff, flat surface and has limited cell-cell intennectedness.

Cells exposed to microgravity culture conditions axtensively affected by the physical
changes that occur under these unique conditiorthwhclude lack of gravity-
dependent convection, no hydrodynamic shear arichsethation (Todd 1989, Todd
1991, Unsworth and Lelkes 1998, Hammond and Hamr260d). These changes in
physical environment of the cells results in tladility to coalesce and form complex
multicellular aggregates and organoids. (Freedgkeaet al. 1997, Unsworth and Lelkes
1998). NASA (National Aeronautics and Space Adntraigon) developed a the rotating
wall vessel (RWYV) bioreactor to generate simulateckogravity condition on earth,
which allowed the ability to achieve unrestrictddl owth in suspension on Earth,
similar to that observed in microgravity. (Tsao,d@win et al. 1992, Goodwin, Prewett
et al. 1993). The rotating wall vessel (RWYV) isextellent tool for this purpose as it
permits the growth of 3D tissue constructs whilglit@ating excellent fluid and gas
exchange. Indeed, it is not uncommon to generatdeviconstructs upwards of 3 mm in
diameter compared to the upper limit of approxityatemm in conventional

bioreactors.
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As discussed in Chapter Ill, pro-osteogenic MSGse@genically enhanced hMSCs,
OEhMSCs) secretes matrix that resembles the cotngosif anabolic bone tissue
(hMatrix). When co-administered with OEhMSCs, tled-matrix composite has a
unique capacity for rapid repair of experimentahddefects in rodents (Zeitouni,
Krause et al. 2012). Using a variation of the téghe developed in chapter Ill, we
covalently linked hMatrix to polystyrene microspégto mimic the biochemical and

mechanical microenvironment of anabolic bone.

To generate an experimental platform for the stfdyone-tumor interactions, we

established an in vitro system where bone tumds ee¢ co-cultured with OEhMSCs in

a RWV. The hMSCs and tumor cells were seeded agghpionto novel hMatrix coated
polystyrene microspheres that mimic the surfacanabolic bone tissue. While RWVs
have been used before to examine tumor-stromaatttens, we incorporated following

innovative improvements:

i) novel microspheres for optimal biochemical anechranical mimicry of mineralized
bone matrix (hMatrix coated polystyrene spheres);

i) a novel source of primary human osteoprogesi{@EhMSCs);

iii) a well-characterized osteolytic bone tumorl ¢igle with a genetically identical

nonosteolytic control (MOSJ-Dkk1l and MOSJ-pLentig)e
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V.B Methodology and Results

hMatrix harvesting and crosslinking to spheres

hMatrix was harvested from OEhMSC monolayers caliuor 8 days im-minimal-
essential-media containing 20% fetal bovine se&®mg/ml ascorbic acid, 5 m\-
glycerol phosphate and 11 GW9662. OEhMSC monolayers were washed in PBS and
frozen at -80°C to disrupt cell membranes, thawaed, scraped from the culture plate.
Recovered cells and matrix were pelleted by camgafion and suspended in lysis buffer
(0.1% Triton X100, 1 mM MgG| 10pug/ml DNAse I, 10 mg/ml RNAse A in PBS) with
shaking at 60 rpm for 4h at 37°C and an additideél in the presence of 0.125% (v/v)
trypsin. The remaining hMatrix was recovered bytorgation and washed in distilled
water and chloroform. Finally, hMatrix was rinsedaicetone and air-dried under sterile
conditions. At time of use, the hMatrix was recanstd in 2% (v/v) acetic acid at a
concentration of 1 mg/ml. By this method, approxiehal mg of material can be

generated per chof monolayer.

We used 1-Ethyl-3-(3-dimethylaminopropyl)carbodii®i(EDAC) to crosslink hMatrix
to the polystyrene spheres (Corning) using a medifipproach described previously
(Macklis, Sidman et al. 1985). Plasma treatmemtabystyrene creates reactive carboxyl
groups on the surface of the untreated beadsdw allosslinking. Commercial plasma
treated polystyrene beads available from Corningewsed. Briefly, these plasma
treated polystyrene microspheres were mixed witexaess solution of EDC and

hMatrix for 3h on a shake plate at room temperafline microspheres were washed
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twice with PBS and air dried. The dried spheresawg¥ sterilized and washed with

MEM before seeding cells (Fig.16 A).

o L] ]

@ — @ - o) — @)
N " "
o

Polystyrene EDAC O-acylosourea Peptides with Ligand-
beads intermediat: ilabl bound via
amine amide bond

Polystyrene bead Covalent hMatrix attachment Deposited hMatrix

Figure 16. hMatrix harvesting and crosslinking to spheres. (A) hMatrix components can be covalently
attached to polystyrene beads using carbodiimidedarosslinking approac{B) Electron Microscopy
of a polystyrene bead before (left), after covalevatrix attachment (middle) and with hMSCs depasit

hMatrx (Right).

Assessment of hMatrix adhesion to spheres

hMatrix adhesion was qualitatively determined tlgloimmunocytochemistry and
scanning electron microscopy analysis of the sasnf@eanning electron microscopy
demonstrated that high molecular mass aggregatadlatrix attach to the beads

creating a complex 3-dimensional topology (FigBl6hMatrix is a complex mixture of

52



multiple proteins (Zeitouni, Krause et al. 2012jthncollagen type | is a major
component. The coated microspheres were immunestaiwth a mouse monoclonal
anti-human collagen type | antibody followed byea@ndary anti-mouse antibody
conjugated to a fluorophore (e.g. Alexa 488). Imouytochemical detection of collagen

I, confirmed the identity of the attached structufieig. 17 A).

Direct hMatrix deposition by hM SCs

We have successfully devised a method to decalteléine polystyrene microspheres
without disrupting hMatrix deposited by the OEhMS8sefly, OEhMSCs were seeded
directly onto the enhanced plasma treated polyséymicrospheres and grown for 8
days in osteogenic base mediwmnginimal-essential-media supplemented with 20%
fetal bovine serum, 50g/ml ascorbic acid and 5 mptglycerol phosphate) containing
10 uM GW9662BM within a RWV. Vessel contents were tleaitracted, centrifuged,
washed with PBS, and re-suspended in 0.2% ammolmyainoxide solution for 10
minutes to remove cells. To remove any residual D& samples were then suspended
in PBS containing 0.1% v/v Triton X100, 1 mM MgCand 1 U/mL DNAse | and
placed in an incubator at 37 °C for 2 hours. hMatidhesion was qualitatively
determined through scanning electron microscoplyaisaof samples as described
above. The results indicate that hMatrix applieth®surface of polystyrene beads via
direct depositing by OEhMSC is similar to that &st@d by covalent grafting of

reconstituted hMatrix (Fig 16 B).
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hM SCs culturein the Rotating Wall Vessel

We utilized an 8-vessel bioreactor system (Synthegswdel RCCS-8DQ), with 10 mL
disposable high aspect ratio vessels. We used spleve with a total surface area
equivalent to 55cand with approximately 2 million OEhMSCs per vésgehe start
of culture. Rotation rates were established byalisbbservation of the free-fall rates of
the aggregates in suspension and adjusted aseddaimaintain a gentle free-fall,
while limiting the wall impacts of the aggregat€siltures were allowed to proceed in
the presence of osteogenic base media supplemittedlucose if necessary. At the
conclusion of the culture period, cell — spheregragates were recovered and the

number of viable cells was enumerated by qRT-PCRS#PDH.
MOSJ-Dkk1 and MOSJ-pLenti culture

We used two related murine bone tumor cell linesegated by the Gregory’s lab
(Krause, Ryan et al. 2014). The cell lines werdgo#lly suited for this work because
they are genetically identical with the exceptibattone line constitutively expresses
human Dkk-1, a highly potent Wnt inhibitor and ibitor of osteogenesis (MOSJ-Dkk1)
and the other has negligible inherent osteolytitvig (MOSJ-pLenti). Therefore,
MOSJ-DKk1 cells are highly osteolytic whereas colntells are somewhat osteogeiric
vivo. Microsphere culture of osteosarcoma cell linesM@kkl and MOSJ-pLenti
were optimized in a similar manner to the OEhMS@Akile we have no definitive
release criteria for the MOSJ cells, preliminarteday Dr. Gregory’s lab indicates that

while MOSJ-pLenti control cells differentiaite vitro andin vivo into osteoblast-like
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cells, MOSJ-Dkk1 cells are highly proliferative withe complete absence of osteogenic

potential. We expect that our co-culture result$ neflect these observations.

immunocytochemistry

+ anti coll Control

Figure17. RWYV Bioreactor culture. (A) Collagen I, a major constituent of hMatrix is dxésl by
immunocytochemistry (bar = fién). (B) Example of a 3D reconstruction of calcein AM labdll
OEhMSCs-microsphere live cell confocal microscdi®). Photograph of RWV showing loosely
aggregated cell-laden microspheres containing OEDd/8d MOSJ-DKK1 cellgrrowed) (bar =
10mm).(D) High power micrograph of an OEhMSCs-laden sphgreen) potentially passing a cell to

MOSJ DKK1- laden sphere (red) suggesting MSC-tutreorsfer(arrowed) (bar = 5@m).
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OEhMSC-laden and MOSJ -laden spheres co-culturein RWV

After establishing the optimal parameters for a@tof OEhMSC-laden and MOSJ-
laden microspheres in RWV, we performed the codcelexperiments with OEhMSCs
and MOSJ-Dkk1 osteolytic osteosarcoma cells or M@IShti osteogenic
osteosarcoma cells in an effort to mimic osteolgtid osteogenic bone-tumor
microenvironments. For these experiments, 2 mildd&EhMSCs were attached to
hMatrix-coated beads and then cultured for 2 daysRWV. Thereafter, beads laden
with MOSJ-Dkk1 or MOSJ-pLenti cells were addedte tultures at a ratio of
approximately 5 OEhNMSC beads: 1 MOSJ bead. Culiueze allowed to proceed for 2,
4 and 8 days before recovery and analysis. Ove8 theey period, the co-cultures and
OEhMSC-alone controls generated cell-aggregatep ¢d 5 mm in diameter but could

be gently dissociated upon recovery (Fig. 17 C).

Assessment of cell growth and osteogenesisin OEhM SCsand MOSJ co-culture

We performed osteogenic assays on the recoveredgajgs from the RWV cultures to
examine whether MOSJ-Dkk1 cells had the expectiettedf inhibiting osteogenesis by
OEhMSCs, when compared to OEhMSC-alone controlscarnzliltures with osteogenic
MOSJ-pLenti cells. We recovered media and mRNAeidgym ELISA and quantitative
RT-PCR (qRT-PCR) respectively. We measured thestrgption of collagen I,
osteogenic transcription factor runx2, bone morgmogprotein 2 (BMP2), and the

cwnt signaling marker axin 2 by qRT-PCR.
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To determine the numbers of OEhMSCs and MOSJ icetlse cultures, we employed
species-specific QRT-PCR for GAPDH because OEhM&E€Hfuman and MOSJ cells
are murine (Fig. 18 A - D)rhe numbers of OEhMSCs remained constant at
approximately 1.5 - 2 xf@&ells when cultured in the absence of MOSJ chlls,
dropped during co-culture by up to 75% (Fig. 18 T)is is presumably due to the
accumulation of MOSJ- DKK1 cells in the culturedFi8 D). Interestingly, MOSJ-
pLenti cells caused an equivalent drop in OEhMS@sdid not divide as quickly as
MOSJ-DKk1 cells. The reason for this observationnslear, but it's possible that
MOSJ-pLenti cells take up more surface area tharBMOkk1 cells, or MOSJ-pLenti

cells directly inhibit proliferation.

As expected, MOSJ-Dkk1l human suppressed OPG swt(€ig. 18 E) when compared
to OEhMSC- alone cultures and MOSJ-pLenti celldhenRWV, we also observed that
MOSJ-pLenti cells were potentially osteogenic iattthey upregulated the secretion of
human OPG by OEhMSCs (Fig. 18 E). We then meaghestianscription of collagen I,
osteogenic transcription factor runx2, bone morgmogprotein 2 (BMP2), and the
cWnt signaling marker axin 2 by qRT-PCR (Fig. 1Syrprisingly, co-culture with both
forms of MOS-J cell caused a reduction in the stesdte levels of collagen | mMRNA at
day 4 when compared to OEhMSC alone controls,du#tl$ were lowest in MOSJ-
Dkk1 co-cultures (Fig. 19 A). However at day 8 nsfigant reduction in expression of
collagen | was only observed for MOSJ-Dkk1 co-adtuindicating a reduction in

hMSCs osteogenesis by DKK-1.
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In the case of BMP2 and runx2 transcription, MO%kDcells caused a reduction of
transcription whereas MOSJ-pLenti cells causedigmifgcant changes in transcription
(Fig. 19 B&C). The levels were lowest at day 8 i®BUJ-Dkk1 co-cultures. Axin2
MRNA was also reduced in MOSJ-Dkk1 co-culturesvirag slightly upregulated upon

co-culture with MOSJ-pLenti cells at day 4 (Fig.2P
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Figure 18. Osteogenic activity of OEhM SCs cultured in the presence and absence of MOSJ-DKK 1

and M OSJ-pLenti cellsin an RWV. Species-specific measurement of OEhMSCs by qRT-fA€R
human GAPDH mRNAA). Species-specific measurement of MOSJ-DKK1 and WpIiSenti by gRT-
PCR for murine GAPDH mRNAB).The number of OEhMSCs present after 2, 4, andy8 dbculture in
RWYV (C). The number of MOSJ-Dkk1l and MOSJ-pLenti preséet 2, 4, and 8 days of culture in RWV
(D). Secretion of human-OPG as measured by EL(ESASignificant differences between groups were
determined by ANOVA followed by Student-Neuman—kepbst-hoc multiple comparison testing

P<0.01%, <0.05**.
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Figure 19. qRT-PCR assays of osteogenic and Wnt-responsive transcripts. Human-specific gRT-PCR
was performed for osteogenic transcripts collag@),l osteogenic transcription factor runx2 (B),
osteogenic ligand BMP2 (C) and Wnt-responsive tapsaxin2 (D).Values are presented as
transcription relative to OEhMSC-only control cudiwhere the expression level is set t&tatistics:

Significant differences between groups were deteechby ANOVA followed by Student-Neuman—Keuls

post-hoc multiple comparison testiRg0.05*, <0.01**,

Dr. Gregory’s lab performed direct monolayer cotard for comparison. They utilized
direct fluorescence to determine the numbers of M&bs and MOSJ cells through

their expression of GFP and RFP respectively. Wthiéedata for the monolayer controls
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were qualitatively equivalent to the RWV data, tleemalized values for OPG secretion
were consistently 3- to 5-fold higher in monolagaltures when compared to those
performed in the RWV. It is possible that this alvegion might be due to reduced
gravitational influence but we have not excludesl pbssibility of modest shear effects
due to the motion of the RWV. We expect that experits in true microgravity will

address this question.
Ground based static experiments

Upon optimization of the RWV culture system, wefpaned a series of static culture
experiments utilizing culture equipment compativlth the International Space Station
(ISS) laboratory. We will use the data from theggegiments to serve as a control for
co-cultures planned to be performed on the ISStlsmpurpose, we utilized Teflon
bags (VueLife® 32-C, American Fluorsel) with 10 mmllture volume and hung
horizontally in a conventional incubator with natagjon. As expected, both the
OEhMSCs alone and MOSJ co-culture performed poorige Teflon bags under
normal gravity conditions (Fig. 20 A).The cell aggates settled down and formed

loosely associated sheet like structures that digted on lifting the bags.
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A. Static Teflon Bag Culture

B. hMSCs cell number C. MOS!J cell number
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Figure 20. Trandation to space-based experiments. Co-culture experiment performed using Teflon
bags under normal microgravity conditiods)( The number of OEhMSCs present after 2, 4, addy8 of
culture in teflon bagB). The number of MOSJ-Dkk1 and MOSJ-pLenti preséer 2, 4, and 8 days of

culture in teflon badC). Statistics: Same as figure 18.

V.C Discussion

Our results demonstrate that we have developedptntiized a novel in-vitro platform
for the study of bone-tumor interactions under satad microgravity conditions.
Although convenient, monolayer co-culture systemstdaccurately replicate 3D tissue
and are poor predictors of drug efficacy in viva{than 1994, Unsworth and Lelkes
1998, Grimm, Wehland et al. 2014). On the othedhanvivo assays based on

implantation of tumors in rodents are often complakorious and in some cases,
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technically challenging (Campbell, Merkel et al120Kretschmann and Welm 2012,
van der Horst and van der Pluijm 2012). To the bésur knowledge, this is the first
3D co-culture model of malignant bone disease (MBipicking the interactions

between osteolytic bone tumor and host tissue.

Our 3D co-culture model consists of osteogenicatifanced MSCs (OEhMSCs)
cultured with osteolytic bone tumor (MOSJ - DKKBIls within a rotating wall vessel
bioreactor. The hMatrix coated polystyrene micrasph mimics the biochemical and
mechanical microenvironment of mineralized bonerm#¥eung, Georges et al. 2005,
Zeitouni, Krause et al. 2012). We used a well-ctiarized osteolytic bone tumor cell
line (MOSJ- DKK1) which constitutively expressesian Dkk-1, which has been
shown to enhance proliferation and survival of tuiglls in osteolytic lesions (Krause,
Ryan et al. 2014). In addition, the addition of F®Anhibitor GW9662 to culture
relaxes the negative cross-talk on the canonicdlpélthway, establishing a pro-
osteogenic MSC phenotype observed in native huroae bssues (Krause, Harris et al.

2010).

From our co-culture model, MSC and tumor cellsratéons were apparent. We
observed that most cell-sphere aggregates harbotedDEhRMSCs and MOSJ tumor
cells suggesting extensive transfer during co-calttig 17 D) (Gregory’s lab data).
Previous studies indicate that in the bone marM&C play an important pro-
tumorigenic role by promoting osteolytic bone mtas and tumor cell proliferation.
We predict that tumor-homing potential may be duthe fact that as MSCs undergo

osteogenesis they produce chemoattractant prdieenSDF-1 and MCP-1 which are
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very potent chemo attractants for tumor cells (bias, Chen et al. 1997, Burger and

Kipps 2002, Molloy, Matrtin et al. 2009).

As expected, we saw a reduction in osteogenic pateri OEMSCs in our co-culture
model which is consistent with previous in-vivo anevitro observations. We observed
a significant reduction in expression of osteogenarkers collagen I, runx2 and BMP2
in MSCs co-cultured with MOSJ —DKK1 cells as congohto MSC alone culture and
control MOSJ —pLenti co-culture. This is consisteith recent in-vivo study by Dr.
Gregory’s lab, where they observed that MOSJ-Dkidcted homozygous nude mouse
developed large tumor nodules in the soft tissubk significant lytic bone destruction.
Whereas, only isolated osteochondral tumor noduge observed in soft tissue in mice
injected with control MOSJ-pLenti cells. In additiianinimal involvement with host
bone was observed (Krause, Ryan et al. 2014).drtiad, MOSJ-Dkk1 cells inhibited
human OPG secretion (Fig. 18 E) when compared t€848one and control MOSJ-

pLenti co-culture.

The inhibition of MSC osteogenesis in our co- cdtmodel is similar to osteo-
inhibition seen in osteolytic lesions which prevehbne repair and may encourage
metastasis (Glass and Karsenty 2007, Pinzone gitdall 2009). It is now well
established that cWnt signaling and DKK1 are inedlin bone metastases and
formation of osteolytic lesions. Tumor derived stion of DKK1 has been shown to
block maturation of osteoblasts and formation afienalized matrix by antagonizing the
cWnt pathway in osteolytic bone lesions (Mukhopadhyshtrom et al. 2001,

Grotewold and Ruther 2002, Zuzarte-Luis, Monterale2004, Glass and Karsenty
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2007). Recent studies have shown that DKK1 corte#to the osteolytic phenotype by
shifting the expression of OPG and receptor aaiivat NF«B ligand (RANKL), which
are positively and negatively regulated by candni¢at signaling in osteoblasts,
respectively (Qiang, Chen et al. 2008). We obseavddcrease in mRNA expression
levels of axin2 a marker of cWnt pathway activityggesting a downregulation of cwnt

pathway.

Osteoclastic bone resorption inhibiting drugs, sasltvisphosphonates (zoledronic acid
and ibandronate) or RANKL antibodies (Denosumamé)tiae current standard of care
for patients with bone metastases (Rose and S¥J€l). There is emerging data that
these anti-resorptive agents can also have dingiettanor effects. However, 30-50% of
patients on these therapies develop new bone raséasand disease progression,
emphasizing the need for new therapies (Roodma#)28@though chemotherapy-
induced tumor reduction and bone resorption inbikitire effective at halting osteolytic
lesions, there is no compensatory osteoblastionabalic response. Recently there has
been an increased interest in therapeutic targefingteogenesis inhibitors and several
agents with bone anabolic properties are curremttiergoing clinical evaluation,
including BHQ880 (DKK-1 neutralizing antibody). Oorodel provides an excellent
medium throughput model for discovery and analgéisew drug targeting bone

anabolic targets for the repair of OLs and therdetibn of drug-sensitive tumor cells.

One unique opportunity with this study is the pbgisy of transferring concept and
experimental co-culture model of malignant bonease to space station in the future,

where reduced gravity conditions exists naturafya previous study conducted on
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International space station, Wang et al. (2005enkex] a significant difference in the
sizes of the aggregates between experiment cordlusteg RWV and those conducted
in space (Wang, Xu et al. 2005). They observed-lgallfsize prostate tumor organoids
within 6 days on experiment performed in space,red®in the same period aggregates
of only 3-5 mm in diameter were formed under stated microgravity condition using
RWV. There was a remarkable difference in the sidd¢le aggregates. This is
consistent with the size of the aggregates we gbdan OEhMSCs alone and
OEhMSCs-MOSJ co-culture in RWV. The planned spaszd experiment will offer
new insights into the nature of the tumor- strontaraction and allow us to understand
the molecular steps underlying the co-evolutiogarfcer and stromal cells. These
insights will be used to further improve our 3D @dture model of MBD for future drug

discovery.

The ground-based static experiments will providertacessary data for successful
translation to space. These experiments will guasmoomparability between those
performed in the RWV, in Teflon bags at 1G and éhpsrformed in microgravity on the
ISS. As expected in the static ground experiment#il aggregates settled down and
formed loosely associated sheet like structuretsdisaociated on lifting the bags. We
predict these cultures suffered from suboptimatifand gas exchange as they sediment
to the bottom of the bag. We do not expect thisedhe case in microgravity, given
previous observations from similar space-basedrerpeats (Becker and Souza 2013),

and we expect that the lack of sedimentation amdtamt gentle motion of the spheres
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will result in excellent culture conditions thastdt in large accumulations of cells on

the spheres

V.D Conclusion

Successful execution of these studies will leaa tange of new methods for the
investigation of tumor-stem cell interactions witihéhe limitations of 2D tissue culture
or in vivo approaches. Furthermore, we expect that this appnedl significantly
accelerate drug research and discovery of new dandie repair of OLs and the

destruction of drug-sensitive tumor cells.

The leading drug approved to reduce bone damageddwy cancer, Zometa, has taken
$1288 million in total sales but it has substaritialtations and side effects. We believe
that our proposed approach will substantially inwerdrug research in this field and
generate interest from the pharmaceutical induBixperiments of this type adapted for
execution in space are also likely to substantiatigrove our understanding of tumor

expansion and bone repair during long term expasungcro-gravity.
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CHAPTER VI

OVERALL DISCUSSION AND CONCLUSION*

Soluble messengers have been known to effect aeldahavior. In addition, cells
interactions with chemical and physical interacsiovith non-soluble components of the
ECM have been known to influence various cellulacpsses, including adhesion,
migration and differentiation. Recently it has b@eoincreasingly clear that cytoskeletal
tension plays a significant role in maintainingmat cell function through modulation
of intracellular signaling and gene expressionaufés, Usami et al. 2006, Hsu, Lee et

al. 2010).

In chapter | and Il, we investigated the dynamiarges in cellular architecture caused
due to cytoskeleton-matrix interactions being af#ddy changes in matrix stresses. Our
results revealed that stress fibers are much nem&its/e to strain rate than strain
frequency of applied stretch. Our results alsoaat#id that cellular remodeling in
response to stretch is exquisitely sensitive tantleehanical properties of the matrix. In
summary, we present experimental evidence estatjishrole for substrate stiffness

and matrix stress in stretch induced cell alignméiie propose that active orientation of

the actin cytoskeleton perpendicular and paradlelitection of stretch on stiff and soft

*Part of the chapter and the data in this chapteeprinted from

“Dependence of cyclic stretch-induced stress fiberientation on stretch waveform.” J Biomech3}5(
728-735., Tondon, A., H. J. Hsu and R. Kaunas, @gpt/(2012), with permission from Elsevier.
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substrate, respectively, represents a mechaniswhloh cells stabilize the intracellular
tension at an optimal level. Further, our resultiaate that cells can align along
directions of matrix stress without fibrilignment, indicating that matrix stress

can directly regulate cell morphology.

ECM represents an essential player in stem cdilenias it can directly or indirectly
modulate the maintenance, proliferation, self-resleamd differentiation of stem cells.
Several ECM molecules play regulatory functionsdifierent types of stem cells, and
based on its molecular composition ECM provideshtlost appropriate niche for stem
cells in the tissue. ECM secreted by bone marrdis,dacluding fibronectin, laminin,
collagens, has been shown to play an importans ialéhe maintenance of bone stem
cells function, retention and osteogenic differatmin. Recently, Dr. Gregory’s lab
showed that a combination of hMSCs and their sedrahabolic extracellular matrix
enhances repair of critical sized bone defectsy Phnedicted that h(MSC-derived
collagens provides osteogenic retention signabéih exogenous hMSCs and host-
derived cells (Zeitouni, Krause et al. 2012). Ira@ter 111, we demonstrated a novel
method to covalently link hMatrix to PEEK surfatas enhancing cellular adhesion
and osteogenesis. PEEK surface does not natutgdpost cell adhesion and has to be
modified to improve tissue integration. We prediet hMatrix coating on PEEK
surface provides an anabolic bone microenvironraedtwill enhance repair and tissue

integration of the PEEK implant.

In chapter 1V, we utilized the unigque conditionssohulated microgravity to develop a

3D model of bone stem cell-tumor interactions ugiMatrix coated microsphere which
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provide an excellent substratum for the suppodstéogenic activity of bone stem cells.
We expect the results from this study will leagattange of new methods for the
investigation of tumor-stem cell interactions witthéhe limitations of 2D tissue culture
or in vivo approaches. Furthermore, we expect that this appnedl significantly

accelerate drug research in this field and mangraheas.

71



REFERENCES

Banes A,. J., M. Tsuzaki, J. Yamamoto, T. FiscBeBrigman, T. Brown and L. Miller
(1995). "Mechanoreception at the cellular leved tietection, interpretation, and
diversity of responses to mechanical signals.” Bem Cell Biol73(7-8): 349-365.

Barzegari, A. and A. A. Saei (2012). "An updatespace biomedical research: tissue
engineering in microgravity bioreactors." Bioimpa@fl): 23-32.

Becker, M., S. Lorenz, D. Strand, C. F. Vahl and®abriel (2013). "Covalent grafting
of the RGD-peptide onto polyetheretherketone sedaga Schiff base formation.”
Scientific World Journal: 616535.

Bellows, C. G., A. H. Melcher and J. E. Aubin (1982Association between tension and
orientation of periodontal ligament fibroblasts anabgenous collagen fibres in collagen
gels in vitro." J Cell Scb8: 125-138.

Boden, S. D. (2000). "Biology of lumbar spine fusend use of bone graft substitutes:
present, future, and next generation." Tissue @AYy 383-399.

Briem, D., S. Strametz, K. Schroder, N. M. Meen&h Lehmann, W. Linhart, A. Ohl
and J. M. Rueger (2005). "Response of primary blasts and osteoblasts to plasma
treated polyetheretherketone (PEEK) surfaces." teMgci Mater Med 6(7): 671-677.

Burger, J. A. and T. J. Kipps (2002). "Chemokineepgors and stromal cells in the
homing and homeostasis of chronic lymphocytic lenikeB cells.” Leuk Lymphoma
43(3): 461-466.

Burridge, K., K. Fath, T. Kelly, G. Nuckolls and Turner (1988). "Focal adhesions:
transmembrane junctions between the extracelluédrixnand the cytoskeleton.” Annu
Rev Cell Biol4: 487-525.

Campbell, J. P., A. R. Merkel, S. K. Masood-CampltelElefteriou and J. A. Sterling
(2012). "Models of bone metastasis.” J Vis Exp(@4R60.

Cappadona, C., E. M. Redmond, N. G. Theodorakid, McKillop, R. Hendrickson, A.
Chhabra, J. V. Sitzmann and P. A. Cahill (1999heifbtype dictates the growth
response of vascular smooth muscle cells to pukssspre in vitro." Exp Cell Res
250(1): 174-186.

Choidas, A., A. Jungbluth, A. Sechi, J. Murphy,lAlrich and G. Matrriott (1998). "The
suitability and application of a GFP-actin fusiaogein for long-term imaging of the

12



organization and dynamics of the cytoskeleton immalian cells.” Eur J Cell Biol
77(2): 81-90.

Costa, K. D., W. J. Hucker and F. C. Yin (2002)utRBling of actin stress fibers: a new
wrinkle in the cytoskeletal tapestry.” Cell Motiy/toskeletorb2(4): 266-274.

Dartsch, P. C. and E. Betz (1989). "Response ¢fi@d endothelial cells to mechanical
stimulation.” Basic Res Cardi8l(3): 268-281.

Davies, P. F. and S. C. Tripathi (1993). "Mechalsti@ss mechanisms and the cell. An
endothelial paradigm.” Circ R&2(2): 239-245.

De, R., A. Zemel and S. A. Safran (2007). "Dynanat€ell Orientation.” Nature
Physics3: 655-659.

Deibler, M., J. P. Spatz and R. Kemkemer (2011ktitAfusion proteins alter the
dynamics of mechanically induced cytoskeleton esagement.” PLoS Or&8):
e22941.

Deshpande, V. S., R. M. McMeeking and A. G. Ev&®06). "A bio-chemo-
mechanical model for cell contractility.” Proc NAtad Sci U S A103(38): 14015-
14020.

Engler, A., L. Bacakova, C. Newman, A. HateganQviffin and D. Discher (2004).
"Substrate compliance versus ligand density in@elyel responses." Biophy86(1 Pt
1): 617-628.

Engler, A. J., S. Sen, H. L. Sweeney and D. E. [ms¢2006). "Matrix elasticity directs
stem cell lineage specification." C&R6(4): 677-689.

Fouchard, J., D. Mitrossilis and A. Asnacios (201Acto-myosin based response to
stiffness and rigidity sensing.” Cell Adh Migfl1): 16-19.

Freed, L. E., R. Langer, I. Martin, N. R. Pellidda®. Vunjak-Novakovic (1997). "Tissue
engineering of cartilage in space.” Proc Natl ABadU S A94(25): 13885-13890.

Fung, Y. C. (1994). "A First Course in Continuuma¥anics for Physical and
Biological Engineers and Scientists." Prentice-hall

Galbraith, C. G. and M. P. Sheetz (1998). "Foraeadhesive contacts affect cell
function.” Curr Opin Cell Bioll0(5): 566-571.

Gavara, N., P. Roca-Cusachs, R. Sunyer, R. Fad®aNavajas (2008). "Mapping
cell-matrix stresses during stretch reveals inglasbrganization of the cytoskeleton."
Biophys J95(1): 464-471.

73



Girton, T. S., V. H. Barocas and R. T. Tranqui®Q2). "Confined compression of a
tissue-equivalent: collagen fibril and cell alignmhé response to anisotropic strain.” J

Biomech Endl24(5): 568-575.

Glass, D. A., 2nd and G. Karsenty (2007). "In varalysis of Wnt signaling in bone."
Endocrinology143(6): 2630-2634.

Goodwin, T. J., T. L. Prewett, D. A. Wolf and G.%paulding (1993). "Reduced shear
stress: a major component in the ability of mamamatissues to form three-dimensional
assemblies in simulated microgravity.” J Cell Biestb1(3): 301-311.

Green, E., J. D. Lubahn and J. Evans (2005). "Ristors, treatment, and outcomes
associated with nonunion of the midshaft humerastéire.” J Surg Orthop AdA(2):
64-72.

Gregory, C. A., W. G. Gunn, E. Reyes, A. J. SmolarMunoz, J. L. Spees and D. J.
Prockop (2005). "How Wnt signaling affects boneaiepy mesenchymal stem cells
from the bone marrow.” Ann N Y Acad Sk49: 97-106.

Grimm, D., M. Wehland, J. Pietsch, G. AleshchevaMie, J. van Loon, C. Ulbrich, N.
E. Magnusson, M. Infanger and J. Bauer (2014). Warg tissues in real and simulated
microgravity: new methods for tissue engineerifgssue Eng Part B Re0(6): 555-
566.

Grotewold, L. and U. Ruther (2002). "The Wnt antaigbDickkopf-1 is regulated by
Bmp signaling and c-Jun and modulates programmiédeath.” EMBO P1(5): 966-
975.

Guilak, F., D. M. Cohen, B. T. Estes, J. M. GimiMé, Liedtke and C. S. Chen (2009).
"Control of stem cell fate by physical interactiomsh the extracellular matrix." Cell
Stem Cells(1): 17-26.

Hammond, T. G. and J. M. Hammond (2001). "Optimigespension culture: the
rotating-wall vessel.” Am J Physiol Renal Phy<i81(1): F12-25.

Hayakawa, K., N. Sato and T. Obinata (2001). "Dyicamorientation of cultured cells
and stress fibers under mechanical stress fronoglierstretching.” Exp Cell R€268(1):
104-114.

Hoffman, R. M. (1994). "The three-dimensional gigstcan clinically relevant tumor
drug resistance be measured in vitro?" Cancer NéstigsRev13(2): 169-173.

Hotulainen, P. and P. Lappalainen (2006). "Stridws<$ are generated by two distinct
actin assembly mechanisms in motile cells.” J Bl 173(3): 383-394.

74



Hsu, H. J., C. F. Lee and R. Kaunas (2009). "A dyinastochastic model of frequency-
dependent stress fiber alignment induced by cgtiietch.” PLoS Oné(3): e4853.

Hsu, H. J., C. F. Lee, A. Locke, S. Q. Vanderzyd & Kaunas (2010). "Stretch-induced
stress fiber remodeling and the activations of 4 ERK depend on mechanical strain
rate, but not FAK." PLoS On(8).

Hsu, H. J., C. F. Lee, A. Locke, S. Q. Vanderzy & Kaunas (2010). "Stretch-induced
stress fiber remodeling and the activations of Hi ERK depend on mechanical strain
rate, but not FAK." PLoS On&(8): e12470.

Jungbauer, S., H. Gao, J. P. Spatz and R. Kemk@®@8). "Two characteristic regimes
in frequency-dependent dynamic reorientation afofitasts on cyclically stretched
substrates." Biophys3b(7): 3470-3478.

Kang, H., H. I. Kwak, R. Kaunas and K. J. Bayle&’1(1). "Fluid shear stress and
sphingosine 1-phosphate activate calpain to promet@brane type 1 matrix
metalloproteinase (MT1-MMP) membrane translocatind endothelial invasion into
three-dimensional collagen matrices." J Biol CH28®(49): 42017-42026.

Kaspar, D., W. Seidl, C. Neidlinger-Wilke, A. Bedk,Claes and A. Ignatius (2002).
"Proliferation of human-derived osteoblast-likeleglepends on the cycle number and
frequency of uniaxial strain."” J Biome8B(7): 873-880.

Katoh, K., Y. Kano, M. Amano, K. Kaibuchi and K. jimara (2001). "Stress fiber
organization regulated by MLCK and Rho-kinase itured human fibroblasts.” Am J
Physiol Cell PhysioP80(6): C1669-1679.

Kaunas, R. and S. Deguchi (2011). "Sarcomeric mofstretch-induced stress fiber
reorganization " Cell Health and Cytoskele®fi ): 13-22

Kaunas, R., P. Nguyen, S. Usami and S. Chien (200%pperative effects of Rho and
mechanical stretch on stress fiber organizatiorot Natl Acad Sci U S A02(44):
15895-15900.

Kaunas, R., S. Usami and S. Chien (2006). "Reguiaif stretch-induced JNK
activation by stress fiber orientation.” Cell Siba&(11): 1924-1931.

Krause, U. and C. A. Gregory (2012). "Potentiatnafdulating Wnt signaling pathway
toward the development of bone anabolic agent.t 8ot Pharmacob(2): 164-173.

Krause, U., S. Harris, A. Green, J. Ylostalo, Stdei, N. Lee and C. A. Gregory
(2010). "Pharmaceutical modulation of canonical \ighaling in multipotent stromal

75



cells for improved osteoinductive therapy." ProdiMaad Sci U S A107(9): 4147-
4152.

Krause, U., D. M. Ryan, B. H. Clough and C. A. Gngg(2014). "An unexpected role
for a Wnt-inhibitor: Dickkopf-1 triggers a novelmeer survival mechanism through
modulation of aldehyde-dehydrogenase-1 activitell Death Dis5: e1093.

Kretschmann, K. L. and A. L. Welm (2012). "Mousedats of breast cancer metastasis
to bone.” Cancer Metastasis R&#\(3-4): 579-583.

Krishnan, R., C. Y. Park, Y. C. Lin, J. Mead, RJ&aspers, X. Trepat, G. Lenormand, D.
Tambe, A. V. Smolensky, A. H. Knoll, J. P. Butlerdal. J. Fredberg (2009).

"Reinforcement versus fluidization in cytoskelataéchanoresponsiveness.” PLoS One
4(5): e5486.

Kumar, S., I. Z. Maxwell, A. Heisterkamp, T. R. BIT. P. Lele, M. Salanga, E. Mazur
and D. E. Ingber (2006). "Viscoelastic retractidrsingle living stress fibers and its
impact on cell shape, cytoskeletal organizatiod, @xtracellular matrix mechanics."
Biophys J90(10): 3762-3773.

Kurtz, S. M. and J. N. Devine (2007). "PEEK biomtis in trauma, orthopedic, and
spinal implants.” Biomaterial23(32): 4845-4869.

Kwon, O., S. B. Devarakonda, J. M. Sankovic an&RBanerjee (2008). "Oxygen
transport and consumption by suspended cells inogriavity: a multiphase analysis."
Biotechnol Bioen9(1): 99-107.

Lee, C. F., C. Haase, S. Deguchi and R. Kauna9j20Qyclic stretch-induced stress
fiber dynamics - dependence on strain rate, Rhaddrand MLCK." Biochem Biophys
Res Commud01(3): 344-349.

Lee, S. L., A. Nekouzadeh, B. Butler, K. M. Pry$é,B. McConnaughey, A. C. Nathan,
W. R. Legant, P. M. Schaefer, R. B. Pless, E. kokland G. M. Genin (2012).
"Physically-induced cytoskeleton remodeling of séfl three-dimensional culture.”
PLoS Oner(12): e45512.

Macklis, J. D., R. L. Sidman and H. D. Shine (198&yoss-linked collagen surface for
cell culture that is stable, uniform, and opticalyperior to conventional surfaces." In
Vitro Cell Dev Biol21(3 Pt 1): 189-194.

Mardia, K. V. and P. Jupp (2000). Directional Sititis, John Wlley and Sons Ltd.

76



Marsh, D. (1998). "Concepts of fracture union, glethunion, and nonunion.” Clin
Orthop Relat Res(355 Suppl): S22-30.

Matsui, T. S., S. Deguchi, N. Sakamoto, T. Ohasli. Sato (2009). "A versatile
micro-mechanical tester for actin stress fibertaigal from cells.” Biorheolog46(5):
401-415.

Molloy, A. P., F. T. Martin, R. M. Dwyer, T. P. Giin, M. Murphy, F. P. Barry, T.
O'Brien and M. J. Kerin (2009). "Mesenchymal stesth secretion of chemokines
during differentiation into osteoblasts, and thpatential role in mediating interactions
with breast cancer cells." Int J Cand24(2): 326-332.

Mukhopadhyay, M., S. Shtrom, C. Rodriguez-Estebhaghen, T. Tsukui, L. Gomer,
D. W. Dorward, A. Glinka, A. Grinberg, S. P. Hua@,Niehrs, J. C. Izpisua Belmonte
and H. Westphal (2001). "Dickkopfl is required éonbryonic head induction and limb
morphogenesis in the mouse." Dev (€8): 423-434.

Owen, J. D., P. J. Ruest, D. W. Fry and S. K. H4f&R99). "Induced focal adhesion
kinase (FAK) expression in FAK-null cells enhance# spreading and migration
requiring both auto- and activation loop phosphatigh sites and inhibits adhesion-
dependent tyrosine phosphorylation of Pyk2." Moll el 19(7): 4806-4818.

Pang, Y., X. Wang, D. Lee and H. P. Greisler (201ynamic quantitative
visualization of single cell alignment and migratiand matrix remodeling in 3-D
collagen hydrogels under mechanical force." Biomalte32(15): 3776-3783.

Parameswaran, S. and R. S. Verma (2011). "Scamf#ctyon microscopy preparation
protocol for differentiated stem cells.” Anal Bi@rh416(2): 186-190.

Pinzone, J. J., B. M. Hall, N. K. Thudi, M. Vonaa, W. Qiang, T. J. Rosol and J. D.
Shaughnessy, Jr. (2009). "The role of Dickkopf-bame development, homeostasis,
and disease." Blootl13(3): 517-525.

Plotnikov, S. V., A. M. Pasapera, B. Sabass anéll GVaterman (2012). "Force
Fluctuations within Focal Adhesions Mediate ECM-Rlity Sensing to Guide Directed
Cell Migration." Cell151(7): 1513-1527.

Ponten, J. and E. Saksela (1967). "Two establigheitro cell lines from human
mesenchymal tumours." Int J Canés): 434-447.

Qiang, Y. W., Y. Chen, O. Stephens, N. Brown, Be@hl. Epstein, B. Barlogie and J.
D. Shaughnessy, Jr. (2008). "Myeloma-derived Digkkbdisrupts Wnt-regulated
osteoprotegerin and RANKL production by osteoblastsotential mechanism
underlying osteolytic bone lesions in multiple morel." Blood112(1): 196-207.

77



Reinhart-King, C. A. (2008). "Endothelial cell adimn and migration.” Methods
Enzymol443: 45-64.

Reinhart-King, C. A., M. Dembo and D. A. Hammer@3). "Cell-cell mechanical
communication through compliant substrates.” Bigpd§5(12): 6044-6051.

Rihn, J. A., K. Kirkpatrick and T. J. Albert (2010%raft options in posterolateral and
posterior interbody lumbar fusion.” Spine (PhilalP&6)35(17): 1629-1639.

Roby, T., S. Olsen and J. Nagatomi (2008). "Eftéctustained tension on bladder
smooth muscle cells in three-dimensional cultuteth Biomed End36(10): 1744-1751.

Ronan, W., V. S. Deshpande, R. M. McMeeking arfel. McGarry (2013). "Cellular
contractility and substrate elasticity: a numerioakstigation of the actin cytoskeleton
and cell adhesion." Biomech Model Mechanobiol.

Roodman, G. D. (2004). "Mechanisms of bone metestds Engl J Med50(16):
1655-1664.

Rose, A. A. and P. M. Siegel (2010). "Emerging dipeutic targets in breast cancer bone
metastasis.” Future Onc(1): 55-74.

Saez, A., M. Ghibaudo, A. Buguin, P. Silberzan Bntladoux (2007). "Rigidity-driven
growth and migration of epithelial cells on microstured anisotropic substrates." Proc
Natl Acad Sci U S A104(20): 8281-8286.

Sato, K., T. Adachi, M. Matsuo and Y. Tomita (200%)uantitative evaluation of
threshold fiber strain that induces reorganizatiboytoskeletal actin fiber structure in
osteoblastic cells.” J Biomed@8(9): 1895-1901.

Schwarz, U. S., T. Erdmann and I. B. Bischofs (30Ueocal adhesions as
mechanosensors: the two-spring model.” Biosysi&3(s-3): 225-232.

Takemasa, T., T. Yamaguchi, Y. Yamamoto, K. Sugmaotd K. Yamashita (1998).
"Oblique alignment of stress fibers in cells reduttee mechanical stress in cyclically
deforming fields."” Eur J Cell Biol7(2): 91-99.

Tanner, K., A. Boudreau, M. J. Bissell and S. Kuif28x10). "Dissecting regional

variations in stress fiber mechanics in living sellith laser nanosurgery." Biophys J
99(9): 2775-2783.

78



Tian, E., F. Zhan, R. Walker, E. Rasmussen, Y. Bl&8arlogie and J. D. Shaughnessy,
Jr. (2003). "The role of the Wnt-signaling antagbimKK1 in the development of
osteolytic lesions in multiple myeloma.” N Engl £8849(26): 2483-2494.

Todd, P. (1989). "Gravity-dependent phenomenaeastiale of the single cell.” ASGSB
Bull 2: 95-113.

Todd, P. (1991). "Gravity dependent processes ratnalcellular motion.” ASGSB Bull
4(2): 35-39.

Tondon, A., H. J. Hsu and R. Kaunas (2012). "Depand of cyclic stretch-induced
stress fiber reorientation on stretch wavefornBiamech45(5): 728-735.

Tondon, A. and R. Kaunas (2014). "The directiostoétch-induced cell and stress fiber
orientation depends on collagen matrix stress."3P0n€9(2): €89592.

Trepat, X., L. Deng, S. S. An, D. Navajas, D. Xhisnperlin, W. T. Gerthoffer, J. P.
Butler and J. J. Fredberg (2007). "Universal phalsiesponses to stretch in the living
cell." Nature447(7144): 592-595.

Trichet, L., J. Le Digabel, R. J. Hawkins, S. Rddla, M. Gupta, C. Ribrault, P.
Hersen, R. Voituriez and B. Ladoux (2012). "Eviden€ a large-scale mechanosensing
mechanism for cellular adaptation to substraténgt#fs.” Proc Natl Acad SciU S A
109(18): 6933-6938.

Tsao, Y. D., T. J. Goodwin, D. A. Wolf and G. F.ading (1992). "Responses of
gravity level variations on the NASA/JSC bioreadgstem.” Physiologis35(1 Suppl):
S49-50.

Unsworth, B. R. and P. I. Lelkes (1998). "Growirggties in microgravity.” Nat Med
4(8): 901-907.

Urashima, M., B. P. Chen, S. Chen, G. S. Pinkug,.Bronson, D. A. Dedera, Y.
Hoshi, G. Teoh, A. Ogata, S. P. Treon, D. Chaulmahka C. Anderson (1997). "The
development of a model for the homing of multiplgedoma cells to human bone
marrow." Blood90(2): 754-765.

Vader, D., A. Kabla, D. Weitz and L. Mahadevan @Q0Strain-induced alignment in
collagen gels." PLoS Onk6): e5902.

van der Horst, G. and G. van der Pluijm (2012)et#nical models that illuminate the
bone metastasis cascade."” Recent Results CancédRds31.

79



Wang, J. H., P. Goldschmidt-Clermont, J. Wille &dC. Yin (2001). "Specificity of
endothelial cell reorientation in response to @yatiechanical stretching.” J Biomech
34(12): 1563-1572.

Wang, N., I. M. Tolic-Norrelykke, J. Chen, S. M. jEllovich, J. P. Butler, J. J. Fredberg
and D. Stamenovic (2002). "Cell prestress. |. 8&&i$is and prestress are closely
associated in adherent contractile cells.” Am Jskthell PhysioP82(3): C606-616.

Wang, N., J. D. Tytell and D. E. Ingber (2009). 'tfanotransduction at a distance:
mechanically coupling the extracellular matrix witle nucleus.” Nat Rev Mol Cell Biol
10(1): 75-82.

Wang, R., J. Xu, L. Juliette, A. Castilleja, J. Ep\8. Y. Sung, H. E. Zhau, T. J.
Goodwin and L. W. Chung (2005). "Three-dimensiattulture models to study
prostate cancer growth, progression, and metastabne.” Semin Cancer Bitb(5):
353-364.

Wei, Z., V. S. Deshpande, R. M. McMeeking and AEBans (2008). "Analysis and
interpretation of stress fiber organization in €allibject to cyclic stretch.” J Biomech
Eng130(3): 031009.

Yeung, T., P. C. Georges, L. A. Flanagan, B. MdtgQrtiz, M. Funaki, N. Zahir, W.
Ming, V. Weaver and P. A. Janmey (2005). "Effedtsubstrate stiffness on cell
morphology, cytoskeletal structure, and adhesiGelt Motil Cytoskeletor60(1): 24-
34.

Zeitouni, S., U. Krause, B. H. Clough, H. HaldermanFalster, D. T. Blalock, C. D.
Chaput, H. W. Sampson and C. A. Gregory (2012) miEn mesenchymal stem cell-
derived matrices for enhanced osteoregeneratian.Tr@ns| Med4(132): 132ral55.

Zemel, A., F. Rehfeldt, A. E. Brown, D. E. Disclaard S. A. Safran (2010). "Optimal
matrix rigidity for stress fiber polarization inesh cells.” Nat Phy6(6): 468-473.

Zhang, W., D. S. Choi, Y. H. Nguyen, J. Chang an®in (2013). "Studying cancer
stem cell dynamics on PDMS surfaces for microficsdilevice design.” Sci R&p
2332.

Zuzarte-Luis, V., J. A. Montero, J. Rodriguez-LeBn Merino, J. C. Rodriguez-Rey and

J. M. Hurle (2004). "A new role for BMP5 during Imdevelopment acting through the
synergic activation of Smad and MAPK pathways." BéM 272(1): 39-52.

80



APPENDIX A

DETAILED MATERIAL AND METHOD*

Cdll culture

U20S osteosarcoma cells (MarinPharm GmbH) were cultured in GIBCO DMEM
(Invitrogen) supplemented with 10% fetal bovine serum, 2mM L-glutamine, 1mM
sodium pyruvate and 1mM penicillin/streptomycin (Sigma) as described previously
(Owen, Ruest et al. 1999, Kaunas, Usami et al. 2006). hMSCs isolated from bone
marrow aspirates are held in a hMSC repository at Institute of Regenerative medicine,
funded by the NIH (Dr. Carl Gregory is co-Investigator). General cell expansion was
performed in accordance with our standard protocol (Zeitouni, Krause et al. 2012). In
brief, cells were cultured in complete culture medium (CCM) consisting of alpha
minimal essential medium (Invitrogen), 20% FBS (Hyclone and Altanta Biologicals), 2
mM glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin (Invitrogen). For each
passage, cells were seeded at 100 cm-2. Cells are then recovered by trypsinization
followed by cryopreservation isMEM containing 50% FBS and 5% DMSO. Cell
cultures, stretch experiments and microgravity experiment using Rotating Wall Vessel

Bioreactor (RWV) were performed in a humidified 5% Q&ubator at 37°C.

*Part of theappendix and the data in thigopendix is reprinted from

“Dependence of cyclic stretch-induced stress fiber reorientation on stretch waveform.” J Biomech 45(5):
728-735., Tondon, A., H. J. Hsu and R. Kaunas, Copyright (2012), with permission from Elsevier.
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Collagen hydrogel preparation and stretching experiment

Silicone rubber stretch chambers (Strex, Japan) were modified to form a circular well
(15 mm diameter) by adhering a silicone rubber sheet onto the chambers (Fig. B.1). The
chambers were initially coated with collagenufgfcn?) by adding 10Qul of 0.3 mg/ml

rat tail collagen type | (BD Biosciences) in the well and allowing the water to evaporate.
The collagen gels (3 mg/ml) were formed within the collagen-coated wells as described
previously (Kang, Kwak et al. 2011). Any gels that did not attached completely to the

sides of the wells were not used in the experiments.

Cells were cultured either on surface-adsorbed collagen sheets or on the top surface of
the collagen gels and subjected to cyclic stretch by stretching the chambers with two
linear motors (Zaber, Canada) as described previously (Tondon, Hsu et al. 2012). The
entire stretch apparatus was mounted on the stainless steel stage (Gibraltar) of a Nikon
FN1 upright microscope housed in a custom-made acrylic enclosure maintained at 37°C

using a heat gun (Omega) regulated by a temperature controller (Omega).
Three-point finite strain analysis

The strains fields produced by the device were determined by tracking the displacement
of fiducial marks on the top surface of the hydrogel and the bottom surface of the
silicone rubber sheet. The marks were produced with a permanent ink pen on the silicone
rubber sheets and with red fluorescent beads (0.2 um Fluospheres, Molecular Probes)
mixed into the collagen gels prior to polymerization. Triads of marks in a focus plane in

various sites on each surface were selected to compute the symmetric Lagrangian strain

82



tensor at each location. The finite strains in ldrggitudinal (E) and lateral directions
(E2) were computed from the;Eand B, components of the strain tensor (Fung, 1994),

respectively.
E1 =4/ 1 + 2E11 -1 (BA)
EZ = 4/ 1 + ZEZZ - 1 (38)

Quantification of SF organization

After stretching, cells were rinsed with PBS, fixedth 4% paraformaldehyde and
stained with Texas Red-phalloidin (Molecular Prolees described previously (Kaunas,
Nguyen et al. 2005). Although the cells expressd&éP-@ctin, Alexa 488-phalloidin

staining provided a stronger and longer-lastingaidor prolonged periods of imaging.
Images were captured using a Nikon C1 laser scgreunfocal head with a 60x water-
dipping objective illuminated with a 40-mW Argonnidaser and green Helium Neon
laser (Melles Griot). The images were later analymsing a custom algorithm in

MATLAB (the MathWorks, Natick, MA) to quantify th&F orientation distributions as
previously described (Kaunas, Nguyen et al. 200B% results from multiple cells (n =

90 cells per condition) were summarized as andusiograms. As described previously
(Hsu et al., 2009), we computed the circular vargafor each orientation distribution by
vectorially summing the individual orientation vectcomponents, normalizing the
result by the total number of vectoid)(and subtracting the result from unity (Mardia

and Jupp, 2000)
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Circular Varianc&l—%\/(z?’zl sin261)*+(TN. cos 261)° 4)

whered is the angle of théth SF relative to the stretch direction. The anglese
doubled to account for the bidirectionality of dxieectors, i.e. 2=2(0+180°). The
values range from 0 to 1, corresponding to perfealigned and totally uniform
distributions, respectively. For determining thecglar variance of a population of cells,
the distribution in SF orientations was computedsbynming the distributions from
individual cells, with the histogram from each celbrmalized so that each cell

contributed equally to the total distribution.

Céell alignment and shape analysis

The cell alignment angle, defined as the orientatsd the major elliptic axis of an
individual cell with respect to the stretch axigsameasured using the Particle Analysis
tool in Imaged (NIH). The distributions of orientats are presented as circular
histograms to illustrate the orientation of celidative to the stretch direction. The
images of phalloidin stained cells were used totifle the cell outline since there was

background signal in the cytosol.

L ive microscopy

One hour before starting the experiment, the medéach stretch chamber was changed

to Hyclone L-15 C@independent media (Fisher Scientific). The stredelvice was
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mounted under the objective of the confocal miocopscand cells were subjected to 10%
cyclic stretch. Stretching was paused periodicallthe unstretched position for ~30s to
allow focusing and imaging of GFP-actin in an indual cell over time as described

previously (Hsu, Lee et al. 2010, Lee, Haase 2(Hl0).

hMatrix harvesting and crosslinking to spheres

hMatrix was harvested from OEhMSC monolayers calluor 8 days im-minimal-
essential-media containing 20% fetal bovine se&®mg/ml ascorbic acid, 5 m\-
glycerol phosphate and 11 GW9662. OEhMSC monolayers were washed in PBS and
frozen at -80°C to disrupt cell membranes, thawed, scraped from the culture plate.
Recovered cells and matrix were pelleted by cemgéfion and suspended in lysis buffer
(0.1% Triton X100, 1 mM MgG| 10ug/ml DNAse I, 10 mg/ml RNAse A in PBS) with
shaking at 60 rpm for 4h at 37°C and an additideél in the presence of 0.125% (v/v)
trypsin. The remaining hMatrix was recovered bytorgation and washed in distilled
water and chloroform. Finally, hMatrix was rinsedaicetone and air-dried under sterile
conditions. At time of use, the hMatrix was recangtd in 2% (v/v) acetic acid at a
concentration of 1 mg/ml. By this method, approxiehal mg of material can be

generated per cm2 of monolayer.

hMatrix was crosslinked to plasma treated Corningdhced microcarriers using a
modified approach described previously (Mackliginsan et al. 1985). Sterile, ready-to-
use Corning Enhanced microcarriers (16 mg) werengduted in 10 mL water medium

to achieve a density of 5.5 cm2/mL according to uf@acturer’s instructions.
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Microcarriers were resuspended in an excess solofid-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDAC) and haneeshMatrix and incubated for 3h
on a shaker at room temperature. The microspheses washed twice with PBS and air
dried. The dried spheres were UV sterilized andhwdsvitha-MEM before seeding

cells.
ELISA

ELISA for OPG and DKK-1 were carried out by usiranbiotinylated polyclonal

capture antibodies and biotinylated detection awligs that were commercially acquired
(R&D Systems and PromoKine) on Nunc Immunosorpenh86-well plates (Fisher
Lifesciences). The biotinylated capture antibodvese detected by using horseradish

peroxidase-conjugated streptavidin and TMB subsiiRierce).
Real-time quantitative RT-PCR

Total RNA (1 mg) was used to make complementary OBIBNA) (SuperScript Il
cDNA kit, Invitrogen). For quantitative RT-PCR, Orig of cDNA was amplified in a
25-ml reaction containing SYBR Green PCR master (faast SYBR Green, Applied
Biosystems) on an Applied Biosystems 7500 Fast-Rimaé PCR System. Expression
of osteogenic markers Col I, RunX2 and BMP2 wasuated using 2-DDCT method
with housekeeping gene Human GAPDH as referene@ddtd curve were generated

for Human GAPDH and mouse GAPDH for cell numberysisa.

Briefly, below are the steps involved in performofig T-PCR on cell cultured in RWV

(Fig. A.1):
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. Isolate Sample: The cell — sphere aggregates wéraceed from the RWV co-
culture and frozen at -80°C.

. MRNA Isolation: Frozen cell — sphere aggregate®weawed in lyses buffer
and mRNA extraction was performed using commerolRNA extraction kit
(High Pure RNA Isolation Kit, Roche).

. CDNA library creation — cDNA library were createsing oligo-(dt) primers
using SuperScript® 1l kit (ThermoFisher).

. Primer Design: Optimal primers were designed fahliarget genes and
reference gene using OligoPerfect designer.

. gRT-PCR assay: qRT-PCR was performed using SYBBflavitrogen). The
assays were performed in 96 well PCR plate usingiég Biosystems 7500 Fast
Real- Time PCR system.

. Validate assay Efficiencies: The assay efficieneiese validated by comparing
the slope of log phase of RT-PCR cycle for the ge@mly when the efficiencies
of the target and normalizer assays are identiceéry similar the comparative
Ct (ddCt) method can be used.

. Data analysis: gqRT-PCR data was analyzed and Gesalere measured for
each sample. We used Delta-Delta-Ct (ddCt) algoriih determine relative
gene expression of target markers gene in co-eu#tssrcompared to control

. Expression of Osteogenic differentiation markerRWY co-culture experiment
performed in presence of MOSJ —DKK1 and MOSJ — plasils was compared

to that in control h(MSCs culture. mRNA expressievel in MOSJ —DKK1 and

87



MOSJ —pLenti co-culture were compared to expressoal in hMSCs culture
on the corresponding day. The relative expressi@arget markers were

calculated using the following equation:

2CT(Target Marker,Control h(MSCs Culture)—CT(ref,Control h(MSCs Culture)

Ratio = 2CT(Target Marker,Co—Culture)—-CT(ref,Co—Culture) (5)

where, “target marker” refers to osteogenic maeet “ref” refers to
housekeeping gene GAPDH.. We calculated the relaxpression at day 2, 4

and 8.

Isolate cell
aggregate sample
from RWV

Sample frozen at mANA isolation cDNA I_|_brary
-80C creation

Target gene Primer
design

Data analysis Validate assay

(ddct) efficiencies ARG

Figure A.1. Schematics of stepsinvolved in gRT-PCR experiment from RWYV culture.

Statistical analysis

The Rayleigh test was used to assess the degteefoifmity of distribution of axial
vectors, i.e., whether the distribution has a $igamt direction. Average cos®values

were calculated for each cell to obtain a distitubf values for each condition.
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Significant differences between distributions welentified by ANOVA followed by

Student-Newman—Keuls posthoc multiple comparisessig.
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APPENDIX B

SUPPLEMENTARY DATA

FigureB.1. Time-lapse images of a U20S cell expressing GFP-actin subjected to 10% square-stretch
at 0.01Hz over a period of 10.5h. Bar, 25um.

Stretch
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FigureB.2. Time-lapse images of a U20S cell expressing GFP-actin subjected to subjected to 10%
stretch at ramp rates of 20%/s. Imaging began immediately after the collagen bget was stretched,
with subsequent images captured at 10 min intefeal2h. Scale bar, pm.

110 Min

Stretch
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Figure B.3. Influence of substrate stiffness on cell elongation during stretch. Representative images
of U20S cells before and after a 10% step stre¢gticting cell elongation and change in cell lerigtthe
direction of stretching for cells cultured on cgkgn gels (A) and collagen coated silicone rubbeeth
(B) (n = 3). Reprinted from (Tondon and Kaunas4£01

Unstretched

Stretched

Stretch
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TableB.1. Influence of substrate stiffnesson cell strainsduring stretch. Reprinted
from (Tondon and Kaunas 2014)

Applied | Longitudinal | Lateral
Strain Strain Strain
Collagen Substrate alone| 0.1 0.093+0.009 -0.040+0.01
Cell 1 0.1 0.063+0.01 -0.044+0.005
Cell 2 0.1 0.058+0.014| -0.054+0.017
Cell 3 0.1 0.061+0.008| -0.036+0.01
Silicone Rubber Substrate alone| 0.1 0.097+0.01; -0.041+0.005
Cell 1 0.1 0.091+0.013| -0.046+0.004
Cell 2 0.1 0.089+0.006| -0.027+0.008
Cell 3 0.1 0.098+0.089| -0.024+0.004
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